
DOCTORA L  T H E S I S

Department of Engineering Sciences and Mathematics
Division of Fluid and Experimental Mechanics

Towards Better Understanding of 
the Flow Inside Industrial 
Processes: a CFD Study

Simon Johansson

ISSN 1402-1544
ISBN 978-91-7583-403-0 (print)
ISBN 978-91-7583-404-7 (pdf)

Luleå University of Technology 2015

Sim
on Johansson   Tow

ards B
etter U

nderstanding of the Flow
 Inside Industrial Processes: a C

FD
 Study



 



2015:xx

Towards better understanding of the
flow inside industrial processes: a CFD

study

Simon Johansson

Lule̊a University of Technology

Department of Engineering Sciences and Mathematics

Division of Fluid and Experimental Mechanics

SE-971 87 Lule̊a, Sweden

Simon.Johansson@ltu.se

September 2015



Printed by Luleå University of Technology, Graphic Production 2015

ISSN 1402-1544  
ISBN 978-91-7583-403-0 (print)
ISBN 978-91-7583-404-7 (pdf)

Luleå 2015

www.ltu.se
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Man glömmer lägga till att de är tr̊akigare, blir fulare och dör i förtid.
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Abstract

Computational Fluid Dynamics (CFD) is a method to numerically pre-

dict flow patterns. In this thesis the method is used to predict the flow

in a hydrochloric acid regeneration plant located at SSAB EMEA in

Borlänge and to investigate the flow in the burner region of a rotary

kiln at LKAB in Kiruna.

The first part of the thesis concerns the topic of waste hydrochloric

acid (HCl) from the pickling process at SSAB. The waste acid is regener-

ated using a technique called spray roasting where waste HCl is sprayed

into a hot reactor through four spray nozzles at the top of the reactor.

The regeneration process is driven by four natural gas burners placed

symmetrically along the periphery of the reactor and causes the water

in the waste acid droplets to evaporate. Through chemical reactions the

iron chloride is oxidized to form hematite and chloride gas; the latter

to be used for manufacturing of new HCl which is used in the pickling

process. The byproduct in form of hematite is sold and used in e.g. the

electronic industry and as filling material for road constructions. Good

quality hematite powder enables profitable sale of the product, and hence

an enhanced economy for the whole regeneration process which in turn

motivates continued regeneration rather than shipping away the waste

acid and continually buying new HCl.

Due to the hostile environment inside the reactor, measurements and

optical visualizations are difficult to perform. This constraint leads to

poor understanding of the dynamics inside the reactor, since the process

is a black box where waste acid is injected and hematite and chloride gas
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are collected; what happens between the two stages is not adequately

known. Here CFD is a useful tool for the modeling of the physics inside

the reactor. In this thesis, the flow inside the reactor is resolved and

modeled, leading to improved understanding of the regeneration process.

Also, a purely numerical approach is considered where the impact of the

wall-grid resolution on the bulk flow is investigated.

The second part of the thesis deals with the aerodynamics in a rotary

kiln, which is a large rotating oven used in the mining industry for

material processing. At the end of the kiln a large diffusion flame is

placed in order to support the process with heat. The flame is fed with

secondary air to achieve complete combustion. Traditionally the flame

is controlled and stabilized by creating a short and intense combustion

zone by feeding just sufficient air for complete combustion.

In the LKAB kiln investigated in this project, the material needs

oxygen to complete the oxidization stages. Air is also needed for earlier

processes. Hence more secondary air than what is needed for combus-

tion is fed through the secondary air channels, making the flame longer

and harder to control. Earlier similar research of the process has been

focused on the cold flow from the secondary channels and has found a

possible problem related to vortex shedding in the burner region. In

this work the burner is inserted into a water model from the earlier

work and PIV/PLIF measurements are performed to see concentration

fields of the burner fluid. Numerical work is also performed in order to

study the details of the vortex shedding and burner interaction. Care-

ful validation is performed with experimental data from two interesting

cases, the square cylinder and free jet, before the two models are com-

bined to see the effect of vortex shedding on the mixing of the jet and

secondary air. In analyzing the results of the vortex shedding and cen-

terline concentration, dynamic mode decomposition is used to find the

predominant structures of the system.

In this thesis, the CFD software Ansys CFX has been used, which is

iv



commercially available, as well as the open source project OpenFOAM.
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Summary of appended

papers

Paper A: Characteristics of Flow and Temperature Distribu-

tion in a Ruthner Process

The study summarized in Paper A is devoted to CFD modelling of the

gas flow and particle dynamics inside the reactor for hydrochloric acid

regeneration. Understanding of the dynamics inside the reactor has

shown to be of great importance in order to optimize the process. So

far the process has been a black box, where only the inflow conditions

are known, together with the quality of the final product. In this work

the gas flow is resolved together with the thermal distribution and the

particle trajectory for the injected acid droplets. It was found that a

dramatic directional change occurs in the vertical velocity when going

from the boundary wall towards the center of the reactor. This is caused

by sharp temperature gradients, leading to significant density variations

and dominant buoyancy effects within the gas flow. These fluctuations

play a key role in the overall dynamics of the gas flow inside the reactor,

and hence also for the whole regeneration process.

Paper B: Gas and Particle Flow in a Spray Roaster

Paper B is a development of the work presented in Paper A. In Paper

B the dynamics of a spray roasting process where Fe2Cl3 is regenerated

to HCl have been modeled with a second order numerical scheme and
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a two-way coupled Eulerian-Lagrangian approach. The energy balances

in the process are described with evaporation of droplets and heat loss

through walls. Chemical reactions that appear in the process are not de-

scribed. Results indicate that if a good quality by-product is of primary

interest or to a reduction in particle agglomeration at wall, a nozzle po-

sition at a radial distance of 0.5 m from the reactor center line would

be preferable. It is also shown that in order to increase the efficiency

of the process, a prioritized nozzle position should be closer to the wall

since this will lower the near-wall temperature and thus reduce heat loss.

Paper C: The effect of wall grid-size resolution on swirling dry-

ing flow

Paper C ends the part of the thesis dealing with regeneration of hy-

drochloric acid. Here the focus is on the resolution of the wall grid-size,

rather than on the regeneration process itself. It was found that in or-

der to obtain grid-independent solutions when modelling swirling drying

flow, a larger number of nodes is required than that in common prac-

tice within the field. Furthermore, a methodology of choosing mesh

size is presented: by performing several simulations with varied uniform

element spacing until a grid independent result is obtained, and then

repeating the meshing with coarser bulk spacing and fine spacing close

to the wall, numerically accurate results are obtained with a reasonable

number of nodes. The main conclusion from this result is that by choos-

ing a mesh with great care the full potential of all proper drying models

that are developed could be used, with more accurate results as a direct

consequence. Also, by using the grid size determined in the grid inde-

pendency study close to the wall, the bulk flow region can be modeled

with a coarser mesh without excessive impact on accuracy.

Paper D: PIV/PLIF experiments of jet mixing in a model of a

rotary kiln
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The jet mixing in a downscaled model of a rotary kiln was investigated

experimentally through simultaneous PIV and PLIF measurements. The

scaling of the nozzle diameter and the flow through it was carried out

with the Craya-Curtet parameter which was calculated with data from

the real process during operation to a value of 0.86. It is found that the

results obtained using the scaling parameter agree well with the results

derived from theory. A Craya-Curtet parameter of 0.86 indicates a long

and lazy flame, without external recirculation, which is also seen in the

experiments. Three momentum flux ratios of the secondary fluids are

investigated, and the interaction with the burner jet is scrutinized. The

burner jet characteristics are affected by the momentum flux ratio, and

it is seen that the entrainment of the secondary fluid emerging from the

lower inlet into the burner jet is promoted when the momentum flux

ratio is increased. An increased momentum flux ratio also leads to the

development of an external recirculation zone downstream in the lower

part of the kiln. This is predicted by calculating a local Craya-Curtet

parameter for each secondary fluid inlet. Due to the non-axisymmetric

geometry of the kiln with the secondary fluid entering through separate

inlets divided by the back plate, vortex shedding occurs and a wake de-

velops. This implies that there are three-dimensional motions in the flow

field, especially in the wake. The wake region is about the same length

as the back plate height (D/3), and it is clearly seen in the experimental

results as a point where there is a sudden change of flow, especially when

Rtot = 1. The burner jet initially spreads linearly to about 25 nozzle

diameters downstream, corresponding to the end of the wake. Toward

the end of the images, it is seen that the jet is deflected upward. The

same behavior is seen for all cases regardless of secondary fluid momen-

tum flux ratio. A possible explanation is that the slight angle of the

incoming secondary fluid from the upper inlet directs the flow down-

ward, generating a low-velocity region in the upper part downstream

the kiln that the burner jet is drawn into. Previous studies have shown
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that the vortex shedding process and the resulting large-scale oscillation

of the flow field in the kiln increase the mixing of the secondary streams.

However, the present study indicates the opposite trend when the burner

jet is incorporated. The vortex shedding breaks up the burner jet on

a large-scale, but interestingly, mixing with the secondary fluid, which

takes place on a small scale, seems to be promoted by a more stable flow

field with continuous shear layers.

Paper E: Vortex shedding interaction with a free jet

In terms of application, Paper E and F has the main objective of through

numerical modeling increasing the understanding of the rotary kiln burner

aerodynamics. With the base in recent work this objective can in gen-

eral terms be obtained by either approaching a full scale model of the

rotary kiln, or by taking a step back and further focus on the jet flow

fundamentals. In Paper E and F the latter has been considered. In Pa-

per E the vortex interaction with a free jet is investigated using a model

which can be viewed as a simplified burner with secondary air channels

feeding the combustion with oxygen. The vortical structures are created

by a square cylinder and a jet is introduced on its lee side. It is shown

that the jet penetrates the wake but is quickly flushed away by vortex

shedding. Further, the vortex shedding is shown together with how it

affect the jet and introduces instabilities on the surface of the free jet.

These instabilities does not occur in the reference jet in co-flow. The

coherent structures are extracted from the results using Dynamic Mode

Decomposition (DMD).

Paper F: Burner and secondary flow interaction in cold kiln

model.

In Paper F the model developed in Paper E is confined to look more like

the experimental setup. The flow ratios between the jet and the sec-

ondary channels are kept similar to the real and the small scale model
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by the Craya-Curtet parameter. Two different Craya-Curtet numbers

are simulated in order to simulate the even weaker burner. Results shows

that the high Craya-Curtet parameter case has almost the same char-

acteristics as an unconfined jet in co-flow for the near jet region. The

case with higher flow ratios through the secondary channels was found

to have the same characteristics as the high Craya-Curtet case for the

first 30 jet diameters. Further, it was found that at approximately 32

jet diameters there is a sudden change in mixing behavior.

xiii
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Chapter 1

Introduction

Fluid mechanics is a broad discipline which combines classical physics in

the form of Newtonian mechanics and thermodynamics with mathemat-

ics, being the language in which everything is described. As the name

indicates, fluid mechanics is all about the mechanics of fluids; this can

be compared to e.g. solid mechanics which deals with the mechanics of

solid bodies. Solid and fluid mechanics both belong under the umbrella

of continuum mechanics, meaning the material studied is treated as a

continuum - i.e. the material’s response to applied forces (and pressures)

is determined by the collective behavior of the atoms and molecules in

the material, rather than the contribution from each individual atom

and molecule. Characteristic for a fluid is that the substance particles

can move about with freedom; this applies to both liquids and gases

which consequently are fluids.

Fluid mechanics is a versatile field with applications in a wide range

of areas. Understanding, and being able to model the large-scale flow

motion of air for example, is highly important in the development of

weather forecasts. Forces explained through the laws of fluid mechan-

ics are vital to most energy production systems; from the gas turbines

in power plants to the water running through the hydropower plant.

In many areas fluid mechanics may not be the main focus but play an

important role, for example in heat transfer from solid to fluid or in com-
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bustion where mixing of fuel and air is of importance. Fluid mechanics

is also an interesting area since it is easy to show fantastic phenomena

to children and awaken their interest in engineering even though the

actual explanation involves a good deal of mathematics beyond a seven

year old. Examples are paper planes, making a ping-pong ball levitating

above a straw, mixing corn starch and water to make a shear thickening

fluid, and the tea leaf paradox to mention a few.

Computational Fluid Dynamics (CFD) is a branch within the field

of fluid mechanics where computers are used to approximately solve the

governing equations. CFD can be seen as a numerical wind-tunnel or

an artificial experimental setup. CFD has experienced an enormous

increase in capacity over the last decades, in line with the development

of computational capacity. Calculations performed in the 80s on the

world’s fastest super computers are now possible on a smartphone. The

rapid increase in computational capacity will probably continue for some

more decades but will still not come close to resolving all scales in a flow.

Hence, model development is likely to continue for quite some time. In

general, CFD can be seen as a good alternative when experiments are

too expensive or hard to perform. It can also be used as a design tool

at concept level.

In this thesis, two processes are investigated: one in the Swedish steel

industry and one in the Swedish mining industry. Neither process, for

separate reasons, has been experimentally investigated in detail and full-

scale: the hydrochloric acid regeneration plant used in the steel industry

is highly toxic and the temperature is fairly high, but there are a few

different design parameters that could be changed during a normal stop.

The burner in the rotary kiln used in the mining industry is too vital to

the entire process to be subjected to any major changes. Additionally,

there is a lack of knowledge regarding the performance of the burner

and how it reacts to different flow conditions. Also, there are some

periodicity and instabilities in the flame which cannot be fully explained.
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Increasing knowledge about the burner helps the mining company LKAB

(Luossavaara Kiirunavaara AB) in the process of specifying the design

of the burner, as well as in the process of buying a new burner. The

aims of the two separate projects can be summarized as:

Hydrochloric acid regeneration in the steel industry

– Increase knowledge about the flow within the process.

– Contribute input on design parameters.

Kiln aerodynamics

– Increase knowledge about the flow in the near-burner region.

– Investigate how the burner is affected by the dynamics in the

secondary channels.

– Identify which models are needed to numerically and with ac-

curacy resolve important flow features such as mixing, burner

propagation and possible coherent structures of the flow.

This thesis summarizes findings from the two different projects on hy-

drochloric acid regeneration (the so-called Ruthner Process) and burner

flow in the rotary kiln. The work with the Ruthner Process is fairly

straightforward, involving trying to mimic reality but ignoring chem-

istry with some extra focus on reducing the numerical error. For the

work with the burner in the rotary kiln, a water model has been investi-

gated. The work on the rotary kiln in this thesis is a parallel investiga-

tion to a Ph.D. project by Larsson (2014) where the effect of secondary

channels on the flow in the kiln is investigated. The work within this

project was inspired by a visit to the FLAIR group (Fluids Laboratory

for Aeronautical and Industrial Research) at Monash University, Mel-

bourne, Australia. By simplifying the model while retaining some of

the dominant flow structures, a more generalized model is developed.

From a fluid mechanical perspective this model is interesting since it is
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a setup of the two famous test cases in the form of the square cylinder

and the free jet. In order to analyze the dynamics of the flow, new

post-processing routines have been adopted.

The work with this thesis has involved two fundamentally different

approaches, both shown to be rewarding and interesting in many ways.

While the engineering-oriented work may introduce uncertainties and

different empirical laws and may not be the true picture of reality, it

comes quite close to the actual scenario. When simplifying and looking

at more generic cases there are more experimental and numerical data

to compare with, which makes errors and flaws much more visible, but

at the same time gives much stronger insight into the field of fluid me-

chanics and numerics, and my belief is that these insights will prove to

be of great value to our next attempt to describe the situation inside a

process.

1.1 Drying flow in the steel industry: the Ruth-

ner process

In the steel industry, hot rolling is used to roll steel slabs produced from

iron ore in a blast furnace into thin sheets (coils). The coils are sold

to companies operating in e.g. the automotive industry. The initially

thicker sheet is heated to around 900◦C and when the temperature is

homogenous two rollers press the sheet together and sheets are moved

back and forth until the desired thickness is obtained. In addition to

making steel soft and workable, heat works as a catalyzer and the sur-

face is oxidized. Before the sheets are processed to high strength steels,

iron oxide complexes have to be removed in a pickling bath. The prin-

ciple of steel pickling involves pulling the sheets through a container of

hydrochloric acid (HCl), where the oxidized iron reacts with the acid

and dissolves into it. To keep the concentration at a constant level,

fresh acid is continuously added to the container and the used acid is
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removed. The waste acid contains a large amount of chloride which is

harmful to the environment and is often regenerated at the steel plants.

One option is to send the waste acid to destruction, but this has proven

more expensive than regenerating the waste acid on site. As described

in more detail below, the regeneration process also generates iron oxide

powder, for which there is a market within the electronics industry and

for filling, e.g. in road construction work. The company can thus make

a profit from the regeneration process.

One technique for regenerating the waste HCl is spray roasting. The

reactor used in the performed studies in the present thesis is 18 m high

and 8.6 m in diameter with brick walls. The bottom is conical and

burners are placed above the conical part tangentially to the wall; a

schematic view of the process is shown in Fig. 1.1 and Fig. 1.2. In the

Ruthner Process a mix of FeCl2 and H2O is sprayed into the large and

hot domain. First, droplets are evaporated and heated up to 373.15 K,

which causes the droplets to shrink. When the mass fraction of H2O

is 0.36 at the surface H2O and FeCl2 forms a crystalline structure of

Tetrahydrate (FeCl2 ·4H2O). At this point the droplets stop shrinking

and all the water is evaporated when the temperature reaches 538 K

there is only a hollow sphere with a shell of FeCl2 ·4H2O (Beck et al.

, 2007a). For an ideal reaction a molar fraction of H2O to O2 has to

be greater than 4 and the temperature should not exceed 900 K. Under

these circumstances the reaction becomes

4 FeCl2 + 4 H2O→ 4 FeO + 8 HCl− 508 kJ (1.1a)

4 FeO + O2 → 2 Fe2O3 + 563 kJ, (1.1b)

which can be summarized as

4 FeCl2 + 4 H2O + O2 → 2 Fe2O3 + 8 HCl + 55 kJ. (1.1c)

The burners that supply the process with heat can be used with both

natural gas and LPG (Liquified Petroleum Gas). Since the flue gas of
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the burners must contain a certain quantity of oxygen for the chemical

reactions, the burners are fed with extra oxygen. To lower the NOx

formation, oxygen is fed into the burner at two locations. This method

lowers the flame temperature and so reduces the NOx.

Figure 1.1: Side view of the regeneration reactor, with the spray lances

at the top, the burner region in the center, the gas outlet at the top,

and the exit at the bottom where the iron oxide powder is collected.

It is difficult to perform measurements in these reactors, since there are

only a few places where probes can be inserted. The environment inside

the reactor is also extremely harmful to measuring devices, while start

and stops of the process take a long time. This makes it almost impos-

sible to perform any satisfactory experiments in the process, since the

main production line of the hot rolling of steel slabs is dependent on the

acid from this regeneration plant. So in order to further develop these

processes there is a need of enhanced understanding of the process, and

here a model of the process is highly useful and valuable. For the mod-

eling of the regeneration process in this thesis, the burners are simulated
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Figure 1.2: Top view of the reactor.

as inlets with a specific temperature and a specific chemical mix of gases.

Through the spray nozzles at the top of the reactor, the mix of water

and FeCl2 is sprayed into the process. Chemical reactions are ignored

and only evaporation of water is modeled to achieve the right predomi-

nant heat balances. The walls are modeled as smooth boundaries with

heat losses. The studies covering the regeneration process included in

this thesis are part of a progressive approach to modeling the whole

regeneration process. In the appended papers on this topic (Paper A,

Paper B and Paper C ) the flow dynamics inside the reactor, which

for the approach in question are considered to be mainly driven by the

swirl induced by the burner locations, are of primary interest, together

with the heat transport. The latter is, as stated above, considered to be

dominated by water evaporation.

1.2 The grate kiln iron ore pelletization plant

The rotary kilns in this work are placed in LKAB’s (Luossavaara Ki-

irunavaara AB) grate-kiln plants in Kiruna, Sweden. Here the main
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product is 12-14 mm round iron ore pellets which are sold to the steel

industry for further processing. Among many other things some of the

pellets are molten down into steel slabs and processed into thin sheet

coils as presented in the previous section. Just before entering the grate

the pellets are brittle round balls with a texture comparable to fine

humid sand. Before being shipped the pellets must be hardened and

dried. And the mechanical and metallurgical properties has to be im-

proved. The temperature rise must not be too quick as the pellets will

crack. Also, if the temperature is too high the chemical composition

will change and reduce back into magnetite. To control the temperature

of the pellets, the grate is divided into four zones: Up Draft Drying

(UDD), Down Draft Drying (DDD), Tempered Preheat (TPH) and Pre

Heat (PH). In the first two zones the pellets are dried at the end of the

UDD zone, and the pellets have a temperature of around 50◦C. After

the DDD zone, the pellets have a temperature of 500◦C. In the TPH

zone the temperature rises to 1040 ◦C and in the PH zone to 1075 ◦C.

In the rotary kiln the pellets sinter and take on their final properties at

the end of the kiln where there is a coal flame burner producing heat

in the process. After the kiln, the pellets enter a cooler, where at the

end the temperature is 50◦C. All the gas from the cooler is circulated

to the UDD, DDD, THP and PH zone respectively to reduce the cost

and environmental impact. A schematic view of the process and all its

stages is presented in Fig. 1.3.

The whole process is balanced on its upper limit in order to produce

as many pellets as possible. Several areas of the process are of interest

in order to optimize the grate kiln and to reduce energy consumption,

to enhance the quality of the pellets, or to reduce maintenance costs.

Questions concerning some of these problems have been addressed in

some parallel projects focusing on NOx reduction, heat transfer in the

pellets bed, and the effect of secondary channels on the flow (Burström,

2015; Larsson, 2014; Ljung, 2010); all projects with the overall goal to
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Figure 1.3: Schematic picture of the pelletizing process in a grate-kiln

processing plant. Courtesy of LKAB.

better understand and improve the process.

1.3 Rotary kiln aerodynamics

The rotary kiln is a long rotary oven with a slightly inclined centerline

where the product is transported by gravity as the kiln rotates. The

main purpose of the flow inside the LKAB kiln is to transport heat,

which often comes from a coal burner placed at the end of the kiln.

The heat is needed for sintering of pellets inside the rotary kiln and for

earlier processes. The primary air coming through the burner nozzle is

mainly for transportation of the coal, while the oxygen needed for com-

plete combustion is fed through secondary channels. The coal burner

is controlled by the turbulent diffusion mixing of the secondary air and

burner jet, since this process is much slower than the actual combustion.

The entrainment of secondary air into the flame is proportional to the

momentum flux ratio between the secondary air and the primary air. A

11



high momentum flux through the primary jet will increase the mixing

since more of the surrounding air will be entrained. For best perfor-

mance and control of the flame the secondary air should be symmetric

around the flame and contain just as much oxygen to support complete

combustion. But the geometry of the secondary channels is generally

not optimized for good combustion; but rather for space or optimization

of other process parameters, which leads to poorly designed secondary

channels (Mullinger & Jenkins, 2008).

Figure 1.4: The grate-kiln plant. Courtsey of LKAB.

In the rotary kiln in this work, the complexity of the two secondary

channels is due to the annular cooler supporting air to them, see Fig. 1.4,

and the actual geometry at the two secondary channels inlet to the kiln

as shown in Fig. 1.5. The impact of these complex geometries has been

thoroughly investigated by Larsson (2014) who performed both numer-

ical and experimental work based on Particle Image Velocimetry (PIV)

and Laser Doppler Velocimetry (LDA), which results are described in

Larsson et al. (2011, 2012, 2015a,b,c). It was found that, among many

other things, there are some dominant structures arising from the von

Kármán vortex shedding from the back plate and some smaller irregular

structures. Overall these irregularities clearly interfere with the con-
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trolled and symmetric distribution aimed for, suggested by Mullinger &

Jenkins (2008).

Figure 1.5: The kiln hood and secondary channels with burner place-

ment. Courtsey of LKAB.

In a traditional kiln the flame can be controlled by reducing the

amount of secondary air which makes most of the air entrain the flame

and form external recirculation zones. This is however not possible for

kilns where air is needed not only to supply oxygen to the burner and to

transport heat, but also to supply oxygen to the earlier process stages.

This reduces the momentum flux ratio between the primary jet and the

secondary flow and the disturbances that are present have more effect

on the burner stability.

1.3.1 Modeling of burner in kiln aerodynamics

In this work the aim is not to model the full combustion in the large

scale but rather continue the work conducted by Larsson (2014) where

the cold small-scale water model is investigated. Mullinger & Jenkins

(2008) concludes that these kinds of simulations and experiments can

give an important insight into the process if properly scaled.

There are different methods to scale burners. In this work the Craya-

Curtet parameter (m) is defined according to the expression by Moles

13



et al. (1973)

m = −3

2
R2 +R+ k

(
L

r0

)2

R2, (1.2)

where

R =
q

Q
(1.3)

q = πr2
0ρ0(u0 − ua) (1.4)

Q = πL2ρaua + πr2
0ρ0(u0 − ua). (1.5)

Here u is the velocity, ρ the density, L the characteristic half width, r the

radius and subscript 0 and a denoting variables at the burner or ambient

air respectively. The Craya-Curtet parameter is essentially the momen-

tum flux ratio between the secondary fuel (air) and the burner fuel,

and the external recirculation zones are present for m > 1.5. Flames

with 1 < m < 2 are characterized as long, while m < 1 corresponds

to long lazy flames (Boateng, 2002). So if the process allows, the com-

bustion system should be designed to have a high m since these flames

are shorter and more easily controlled. However, in the present rotary

kiln where a large amount of secondary air is needed for the pellets,

m ≈ 0.86. In the experimental paper (Paper D) the scaling was done to

obtain a good experimental setup in order to investigate the interaction

between the burner and secondary air. The main reason for choosing a

small diameter and high velocity is that that setup minimizes the mass

flow and reduces the number of times the recirculation fluid has to be

changed.

In a first numerical setup to model how the burner is disturbed by

the non-uniform velocity distribution, the perturbations are created by

vortex shedding behind a square cylinder (Paper E). This reduces the

complexity of the problem, since the vortices are supposed to have an

even characteristic time and length scale. Reducing the complexity of

the geometry to a square duct instead of a circular (Paper F) one signif-

icantly simplifies the meshing without interfering with any conceptual
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problems with vortex shedding. Scaling the problems so that the two

different setups become similar in a Craya-Curtet sense is done by using

half the hydraulic diameter as the characteristic half diameter L/2. In

the numerical simulations(Paper E-F) , a high velocity and small inlet

should be avoided since this leads to smaller grid size at the inlet, result-

ing in a significantly smaller time step to maintain numerical stability

when using the PISO algorithm. Therefore a larger diameter and lower

velocity are used.
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Chapter 2

Computational Fluid

Dynamics (CFD)

CFD is a broad area which involves everything where different com-

putational methods are solved with the aim of predicting the physical

behavior of a fluid system. To the general public, the weather forecast

is probably the best known example of a CFD model. Here the weather

conditions in the form of temperature, wind speed, pressure and humid-

ity at a given time are inserted into a model which is set to calculate the

weather forecast for the upcoming hours or days. But these types are

predictions are also important in other areas. Examples of other systems

that are commonly solved with CFD are lift force of wings, drag force on

vehicles, full stroke of engines and cooling of electronics. CFD can also

be used in a design process to iterate different configurations to enable

making a good product from the beginning. This is of special interest

when the product is expensive to build and hard to perform experiments

on.

Typically, CFD problems are solved with software that is dedicated

to solving the Navier-Stokes equations. In work on this thesis, the com-

mercially available ANSYS CFX been used (Papers A-C) as well as the

open source software OpenFOAM (Paper E-F). ANSYS Fluent has also
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been used during the work. These programs are totally different in ap-

pearance: the ANSYS products comes with an attractive interface, while

all the editing and model build up in OpenFOAM is text based. There

are pros and cons with both types: while the commercial products are

easy to learn and to get a converging solution, the learning curve in

OpenFOAM is rather steep, and since the setup is based on numerous

text files, typo errors easily occur. Once a basic level in both softwares is

achieved the flexibility of working with an open source code gives greater

opportunities. Since no licenses are needed it might be possible to scale

up the problems and spread the work on more computers to achieve a

more accurate solution. The commercially available solver is tweaked to

obtain as accurate and fast a solution as possible with the drawback of

being a secret black box. This should be compared to the open source

project which has several solvers that the user can change and compile.

Generally speaking, a CFD software should be chosen with care as some

programs are good in one respect and bad on another. The pros and cons

should be weighed against each other. But staying with one software

from convenience or tradition is generally not a good idea. However, for

a specialized company with lots of its own developed codes connected

to a single software it could be hard, expensive and time-consuming to

change.

2.1 Governing equation

CFD is based on the governing equations of fluid mechanics. This sec-

tion introduces the reader to the equations solved in CFD and the Finite

Volume Method (FVM) which is used to discretize the governing equa-

tions.
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2.1.1 Mass conservation

Considering a fluid system, mass conservation means that the rate of

change of matter in the system is balanced by the in- and outflow of

matter through the system. In other words, if mass conservation is not

fulfilled for the system, then matter is created or destroyed inside the

system, which is not possible under normal conditions. Mass conserva-

tion can consequently be formulated

dm

dt
=
∑
in

ṁ−
∑
out

ṁ = 0 (2.1)

where the dot represents the time derivative. This formula can also be

written
∂ρ

∂t
+

(∂ρu)

∂x
+

(∂ρv)

∂y
+

(∂ρw)

∂z
= 0 (2.2)

which in tensor notation reads

∂ρ

∂t
+
∂ρui
∂xi

= 0, (2.3)

where the first term is density change in time and the second term

the flow though the element boundaries. If the density is constant the

continuity equation reduces to

∂ui
∂xi

= 0. (2.4)

2.1.2 Rate of change for a fluid particle

The momentum and energy conservation laws are dependent on the

property changes of a fluid particle. If these properties (φ) are indepen-

dent of spatial coordinates (only dependent on time), the rate of change

of φ is described by
∂φ

∂t
. (2.5)

But in fluid mechanics φ is a function of position and time respectively,

i.e φ = f(x, y, z, t). Applying the chain rule to (2.5), the rate of change
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in four dimensions reads

∂φ

∂t
+
∂φ

∂x

dx

dt
+
∂φ

∂y

dy

dt
+
∂φ

∂z

dz

dt
. (2.6)

Recalling that the time derivative of each respective spatial coordinate

is the velocity in that direction, (2.6) reads

∂φ

∂t
+
∂φ

∂x
u+

∂φ

∂y
v +

∂φ

∂z
w =

∂φ

∂t
+ ui

∂φ

∂ui
=
Dφ

Dt
. (2.7)

This defines the change of φ per unit mass. To obtain the change rate

per unit volume (2.7) has to be multiplied with ρ, which results in

ρ
Dφ

Dt
= ρ

(
∂φ

∂t
+ ui

∂φ

∂ui

)
. (2.8)

2.1.3 The Navier-Stokes Equations - a background

Newton’s Second Law of Motion states that rate of change of momentum

is equal to the sum of forces. In the previous section, (2.8) defines the

rate of change for a variable φ. By substituting this variable with the

velocity vector (ui), the change rate of momentum becomes

ρ
Dui
Dt

. (2.9)

This expression must be balanced by the forces present, which for a

fluid particle can be divided into body and surface forces. Body forces

such as gravity, centrifugal and Coriolis force are usually added to the

equation as a source term (Si). Surface forces are pressure forces and

forces coupled to the material properties of the fluid. The balanced

momentum equation then reads

ρ
Dui
Dt

=
∂σij
∂xj

+ Si (2.10)

where σij is the stress tensor describing the surface forces which deform

a fluid particle. The diagonal of σij contains information about the vol-

umetric change and the non-diagonal elements are the deviatoric part

20



which describes translation, rotation and deformation. Since the volu-

metric deformation is dependent on pressure, σij can then be written

as

σij = −pδij + τij , (2.11)

where δij is the Kronecker delta and τij the deformation related to ma-

terial properties in the form of dynamic viscosity (µ), which controls de-

formation and the secondary viscosity (λ) which controls volume change.

The volumetric deformation τij then reads

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi

)
+ λ

(
∂uj
∂xi

)
δkk, (2.12)

where the second term is zero for incompressible cases and small unless

Dρ/Dt is large (as for shock waves). Substituting (2.12) and (2.11) into

(2.10) yields

ρ

(
∂ui
∂t

+ uj
∂ui
∂uj

)
= − ∂p

∂xi
+ µ

∂

∂xi

(
∂ui
∂xj

+
∂uj
∂xi

)
+ Si, (2.13)

where the first viscous term is zero as the flow field is solenoidal due to

incompressibility. The Navier-Stokes equation for incompressible flows

then reads

ρ

(
∂ui
∂t

+ uj
∂ui
∂uj

)
= − ∂p

∂xi
+ µ

∂2uj
∂xi∂xi

+ Si. (2.14)

2.2 Turbulence

Highly structured and well-ordered flows are called laminar and are

only present under certain conditions in terms of flow velocity, geom-

etry, and fluid viscosity; i.e. the flow characteristics are determined by

the Reynolds number (Re = UL
ν ) which is the ratio between inertial

forces and viscous forces. U is a characteristic velocity, L a characteris-

tic length scale, and ν the kinematic viscosity of the fluid. Turbulence

on the other hand is a complicated phenomenon that researchers have

been struggling with over the last century. It can be described as small
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fluctuations in velocity with no clear periodicity or obvious pattern in

time or space. Those fluctuations are problem-dependent and cannot

exist for low Reynolds numbers, the occurrence of these deficiencies is

unpredictable and certain insight into the flow is needed in order to de-

termine the amount of turbulence. Reynolds (1883) investigated smooth

pipe flows and showed that turbulence cannot exist for Re <∼ 2300. At

Re >∼ 2300 the flow typically undergoes a transition from a well-ordered

laminar flow to a disturbed flow, and pipe flows are normally considered

fully turbulent for Re >∼ 4000. These disturbances in the flow field are

what we call turbulence. In general the higher the Reynolds number in

the flow the more turbulence is present. It should be pointed out that

the onset of turbulence is strongly dependent on the case in question

and the definition of U and L. Other definitions of Reynolds numbers

are discussed in section 2.4.

One way to describe turbulence is as eddies of different sizes where

big eddies break down into smaller eddies. This transport of energy from

large to small eddies is called the energy cascade and was first described

by Richardsson (1922). Kolmogorov (1941) continued to build upon the

theory of the energy cascade and tried to define the size of the smallest

eddies, and the time and length scales related to them. The two first

hypotheses of Kolmogorov using the length scales from Fig. 2.1 are:

1. At a sufficiently high Reynolds number, the small scale turbulent

motions (l < lEI) are statistically isotropic.

2. In every turbulent flow at a sufficiently high Reynolds number, the

statistics of scale l < lEI have a universal form that is uniquely

determined by ν and ε.

The first hypothesis suggests that large-scale turbulence can be non-

isotropic which means that one of the velocity components fluctuations

can have a greater amplitude than another. But a look at the small

scale turbulence should reveal isotropic statistics. The second hypothesis
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Figure 2.1: Energy cascade and its characterisc length scales.

suggests that the Kolmogorov length, velocity and time scales can be

solely defined from ν and the energy dissipation (ε) as

η ≡
(
ν3

ε

)1/4

(2.15)

uη ≡ (νε)1/4 (2.16)

τη ≡
(ν
ε

)1/2
. (2.17)

The Reynolds number based on the Kolmogorov scale is then
ηuη
ν = 1.

The dissipation rate is given by

ε = ν

(
uη
η

)2

=
ν

τ2
η

. (2.18)

Kolmogorov also formulated a third hypothesis:

3. In every turbulent flow at a sufficiently high Reynolds number, the

statistics of scale l in the range lDI < l < lEI have a universal form

that is uniquely determined by ε, independent of ν.
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In other words, according to Fig. 2.1 turbulence can be divided into the

energy-containing range with the large-scale structures and the universal

equilibrium range which can be divided into the inertial subrange and

the dissipation range. In the inertial subrange, viscosity can be ignored

and the dissipation range heat is created through viscosity.

2.3 Turbulence modeling

The Navier-Stokes equation can be used to solve very simple geometries

with laminar flow, but in order to solve many engineering problems

the turbulence in the flow has to be modeled. There are a number of

different types of method to resolve the turbulence such as Reynolds

Average Navier-Stokes (RANS), Large Eddy Simulations (LES) and Di-

rect Numerical Solutions (DNS) to mention a few. RANS predicts the

turbulence by time-averaging the Navier-Stokes equations and modeling

the Reynolds stresses, while in LES the volume-averaged Navier-Stokes

equations are solved and large turbulet length scales are resolved, and

small swirls are modeled. DNS captures all scales of turbulence (Ferziger

& Perić, 2002). RANS takes less computational power and is the stan-

dard in industry for most applications, although LES is used more and

more, especially for applications with very high Reynolds numbers, such

as jet engines. DNS is mostly used in academic work and is only prac-

ticable when looking at small Reynolds numbers.

2.3.1 The time averaged Navier-Stokes equations

The time-averaging method relies upon the assumption that any time-

dependent variable ϕ can be decomposed into a mean Φ and a fluctuating

part ϕ′ as

ϕ(t) = Φ + ϕ′(t), (2.19)
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where Φ is simply the mean of the variable over time ϕ

Φ = ϕ =
1

∆t

∫ ∆T

0
ϕ(t)dt. (2.20)

Here ∆t has to be larger than the timescale coupled to ϕ in order to

obtain a good mean value of Φ. The time average of ϕ′ equals zero, as

the amplitude is already included in Φ. Decomposing the variables in

the Navier-Stokes equation with this method is called Reynolds decom-

position.

Considering the Navier-Stokes equation (2.14) and decomposing the

dependent variables into a mean and its fluctuation (ui = Ui + u′i), the

instantaneous equation reads

∂Ui + u′i
∂t

+ (Uj + u′j)
∂Ui + u′i
∂xj

=
1

ρ

∂P + p′

∂xi
+ ν

∂2Ui + u′i
∂xj∂xj

, (2.21)

which upon expansion yields

∂Ui
∂t

+
∂u′i
∂t

+ Uj
∂Ui
∂xj

+ Uj
∂u′i
∂xj

+ u′j
∂Ui
∂xj

+ u′j
∂u′i
∂xj

=

1

ρ
(
∂P

∂xi
+
∂p′

∂xi
) + ν(

∂2Ui
∂xj∂xj

+
∂2u′i
∂xj∂xj

). (2.22)

By taking the time average of each term, the RANS equation is derived,

∂Ui
∂t

+ Uj
∂Ui
∂xj

+
∂u′iu

′
j

∂xj
=

1

ρ

∂P

∂xi
+ ν

∂2Ui
∂xj∂xj

. (2.23)

Here the Reynolds stresses come from

u′j
∂u′i
∂xj

=
∂u′ju

′
i

∂xj
− u′i

∂u′j
∂xj

, (2.24)

where the second term is zero due to continuity. This equation is very

close to the instantaneous N-S equation (2.14) but time-averaging has

introduced the term
∂u′iu

′
j

∂xj
, i.e. the Reynolds stresses derived from the

fluctuating velocity.
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2.3.2 The Reynolds stress equation

To close the RANS equations, the added term
∂u′iu

′
j

∂xj
needs to be ad-

dressed. There are two main ways to treat this term. One is a two-

equation model approach where the term u′iu
′
j is treated isotropically as

turbulent kinetic energy and an additional equation for dissipation of k.

The other way is to add one equation for each component u′iu
′
j and a dis-

sipation equation, resulting in seven additional equations. The method

of deriving those equations is however the same: first the equation for

the fluctuations of ui is calculated by subtracting (2.23) (but dropping

the averaging) from the instantaneous Navier-Stokes equation (2.22) to

obtain

∂u′i
∂t

+ Uj
∂u′i
∂xj

= −1

ρ

∂p′

∂xi
− u′j

∂Ui
∂xj
− u′j

∂u′i
∂xj
−
∂u′iu

′
j

∂xj
− ν ∂2u′i

∂xj∂xj
. (2.25)

However the equation for the fluctuations u′i has to be modified in order

to reach an expression for Reynolds stresses (u′iu
′
j). This is obtained

by multiplying (2.25) with u′k and changing the free indices k and i to

create an additional equation. Adding the time derivative terms yields

u′k
∂u′i
∂t + u′i

∂u′k
∂t =

∂u′ku
′
i

∂t , which is the term wanted except for the overbar

which is achieved by time-averaging the equations. The two equations

that should be added together then read

u′k
∂u′i
∂t

+ u′kUj
∂u′i
∂xj

= −
u′k
ρ

∂p′

∂xi
− u′ku′j

∂Ui
∂xj
− u′ku′j

∂u′i
∂xj
−

− u′k
∂u′iu

′
j

∂xj
− νu′k

∂2u′i
∂xj∂xj

(2.26)

u′i
∂u′k
∂t

+ u′iUj
∂u′k
∂xj

= −
u′i
ρ

∂p′

∂xk
− u′iu′j

∂Uk
∂xj
− u′iu′j

∂u′k
∂xj
−

− u′i
∂u′ku

′
j

∂xj
− νu′i

∂2u′k
∂xj∂xj

. (2.27)
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Adding these two equations term-wise gives

u′i
∂u′k
∂t

+ u′k
∂u′i
∂t

=
∂u′ku

′
i

∂t
(2.28)

u′kUj
∂u′i
∂xj

+ u′iUj
∂u′k
∂xj

= Uj
∂u′iu

′
k

∂xj
= Uj

∂u′iu
′
k

∂xj
(2.29)

−
u′k
ρ

∂p′

∂xi
−
u′i
ρ

∂p′

∂xk
= −1

ρ

∂

∂xj
(u′kp

′δij + u′jp
′δkj)+

+
p′

ρ
(
∂u′k
∂xi

+
∂u′i
∂xk

) (2.30)

− u′ku′j
∂Ui
∂xj
− u′iu′j

∂Uk
∂xj

= −u′ku′j
∂Ui
∂xj
− u′iu′j

∂Uk
∂xj

(2.31)

− u′ku′j
∂u′i
∂xj
− u′iu′j

∂u′k
∂xj
− u′k

∂u′iu
′
j

∂xj
− u′i

∂u′ku
′
j

∂xj
=
∂uiujuk
∂xj

(2.32)

− νu′k
∂2u′i
∂xj∂xj

− νu′i
∂2u′k
∂xj∂xj

= −ν
∂2u′iu

′
k

∂xj∂xj
+ 2ν

∂u′i
∂xj

∂u′k
∂xj

. (2.33)

By adding the terms in (2.28)-(2.33) we end up with the Reynolds stress

equation

Uj
∂u′iu

′
k

∂xj
= −u′iu′j

∂Ui
xj
− u′ku′j

∂Uk
∂xj

+
p′

ρ

(
∂u′i
∂xk

+
∂u′k
∂xi

)
− ∂

∂xj

(
u′iu
′
ju
′
k +

p′ui
ρ
δjk +

p′uk
ρ
δij − ν

∂u′iu
′
k

∂xj

)
− 2ν

∂u′i
∂xj

∂u′k
∂xj

. (2.34)

2.3.3 LES

In RANS (Reynolds Averaged Navier-Stokes equations), the filtering is

done by decomposing the velocity u into a mean (U)- and a fluctuat-
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ing (u′) part with respect to time. In Large Eddy Simulations (LES)

however, the decomposition is done by filtering in space. Considering a

similar notation as in RANS, the velocity U is decomposed according to

U(x, t) = ũ(x, t) + u′′(x, t), (2.35)

where ũ is a low pass filter removing all wave numbers in the Fourier

representation below a certain value defined by the discretization size.

u′′(x, t) is the remaining part after the low-pass filtering, and despite

its notation being similar to the fluctuating parts in RANS, its mathe-

matical meaning is rather different since it is the part remaining after

the low pass filtering. Considering the case of filtration over a general

volume Ωi, the filtered velocity Ũ then reads

Ũ(x, t) =

∫
Ωi

G(x|ξ)U(ξ, t)dξ ≡ ũ(x, t), (2.36)

where G(x|ξ) is the filtering function which can be of any shape like

Gaussian or Top-Hat. The filter can be applied to either the full do-

main or a limited region; if the filter is applied to the whole domain

the filter width (∆) must be limited to just include a few cells (more

details on this particular requirement below). The RANS and LES de-

composition may seem similar from their formulation; they are however

fundamentally different as described above which in turn yield the LES

decomposition to have other mathematical properties compared to the

RANS decomposition which reads

˜̃u(x, t) 6= ũ(x, t) and ũ′(x, t) 6= 0. (2.37)

In other words, if a velocity field U(x, t) from which the filtered velocity

field ũ(x, t) is calculated, ũ(x, t) has to be calculated with a contribution

from the small scales in U(x, t). If then the small scales are filtered out

for the average of ũ(x, t) they will not contribute to the mean and hence

not be equal to ũ′(x, t).
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2.3.3.1 Filtering and derivation

The filtered momentum equation is in conservative form written

∂ũj
∂t

+
∂ũiuj
∂xi

= −1

ρ

∂p̃

∂xj
+ ν

∂2ũj
∂xi∂xi

, (2.38)

but in order to solve it numerically it should be written in weak formu-

lation as
∂ũj
∂t

+ ũi
∂ũj
∂xi

= −1

ρ

∂p̃

∂xj
+ ν

∂2ũj
∂xi∂xi

. (2.39)

However, ũiũj 6= ũiuj . In order to account for this difference a residual

tensor τRij is defined as

τRij = ũiuj − ũiũj . (2.40)

Using (2.40), (2.38) can be rewritten as

∂ũj
∂t

+
∂τRij + ũiũj

∂xi
= −1

ρ

∂p̃

∂xj
+ ν

∂2ũj
∂xi∂xi

, (2.41)

and here the diagonal of τRij contributes to the modified filtered pressure

as

p̃m ≡ p̃+
1

3
ρτRij δij . (2.42)

By defining

τ rij = τRij −
1

3
τRij δij (2.43)

the filtered Navier-Stokes equation is obtained

∂ũj
∂t

+ ũi
∂ũj
∂xi

+ = −1

ρ

∂p̃m
∂xj

+ ν
∂2ũj
∂xi∂xi

−
∂τ rij
∂xi

. (2.44)

To close the equation, τ rij must be modeled. Several different more or

less complex models have been developed over time. The first subgrid

model is the Smagorinsky model which is a linear eddy viscosity model.

τ rij = −2νSGSSij (2.45)

where νr is modeled by the mixing length hypothesis as

vSGS = lS
2S = (CS∆)2S (2.46)
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2.4 Near-wall flows

For all flows over solid boundaries the flow must go to zero at the surface

since the solid has zero velocity and thus the fluid must have the same

velocity at the wall. For laminar cases, the Navier-Stokes equation can

be easily solved for two dimensional problems such as the pipe, channel

or flat plate. For turbulent flow, the region where velocity increases from

zero to the free stream velocity gets thinner and thinner with higher

Reynolds numbers. This region of high gradients in the stream-wise

direction close to the wall is called the boundary layer, and here higher

shearing motion leading to turbulent production is introduced. Due to

the predominant velocity the turbulence is not isotropic. Considering

the turbulent flow between two long flat plates and a position far from

the inlet, where U can be assumed to be independent of the coordinate

parallel to the plate surface (x), the mean continuity equation reads

∂V

∂y
= 0. (2.47)

The Reynolds averaged equation (2.23) can be simplified, since the flow

is independent of x, and using the reduced continuity equation, to

0 = −1

ρ

∂p

∂x
+ ν

∂2U

∂y2
− ∂u′v′

∂y
(2.48)

0 = −1

ρ

∂p

∂y
− ∂v′v′

∂y
. (2.49)

By integrating (2.49) over y and using the no-slip condition v(0) = 0 we

get

p

ρ
+ v′v′ =

pw(x)

ρ
. (2.50)

This equation implies that dp/dx = dpw/dx, which can be used in (2.48),

giving

0 = −1

ρ

∂pw
∂x

+ ν
∂2U

∂y2
− ∂u′v′

∂y
(2.51)
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which means that the gradient of the total shear must be equal to the

wall pressure, i.e.

1

ρ

∂pw
∂x

= ν
∂2U

∂y2
− ∂u′v′

∂y
=

∂

∂y

(
ν
∂U

∂y
− u′v′

)
=

∂

∂y
(τ) . (2.52)

The shear stresses are asymmetric around the center of the plates and

must be zero in the midplane. The total shear stress can then be ex-

pressed as

τ(y) = τw

(
1− y

δ

)
, (2.53)

where τw is the shear stress at the wall and δ half the width of the gap

between the plates. Close to the wall, velocity goes to zero and therefore

the Reynolds stresses must be 0 at the wall surface and consequently the

only contribution to the shear stress is from viscous forces, and close to

the surface the contribution is dominated by the viscous forces. The

wall shear is then defined as

τw ≡ ρν
(
dU

dy

)∣∣∣∣
y=0.

(2.54)

This is an important difference in near-wall flows compared to free shear

flows, where at sufficiently high Reynolds numbers, there is a Reynolds

number independency and hence viscosity can be ignored. But looking

at the near-wall region it has significant importance. By forming dimen-

sionless variables of velocity and length from ν, ρ and τw, it is easier to

analyze the near-wall region. The friction velocity is defined as

uτ ≡
√
τw
ρ
, (2.55)

and the viscous length scale as

δv ≡ ν
√

ρ

τw
=

ν

uτ
. (2.56)

As for the Reynolds number based on the Kolmogorov scales, the Reynolds

number based on the viscous scales equals unity. A commonly reported
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value in channels flows is instead the friction Reynolds number

Reτ ≡
δuτ
ν
. (2.57)

The distance from the wall in wall units is defined as

y+ ≡ y

δv
=
uτy

ν
, (2.58)

and the corresponding velocity is defined as

u+ ≡ U

uτ
. (2.59)

Boundary layers can be divided into the viscous sublayer (y+ < 5),

where viscosity plays a significant role, the log-law region (y+ > 30),

and the buffer region between these two (5 < y+ < 30). It would be

preferable if there existed an expression

u+ = fw(y+) (2.60)

which should be valid for the full range of y+. In order to find this

expression, an expression for U must first be defined. But instead of

creating an expression U directly, the more important dU/dy is used

since this derivative can give information about the turbulent production

and viscous stress. According to Pope (2000) the expression based on

non-dimensional groups can be written as

dU

dy
=
uτ
y
f

(
y

δv
,
y

δ

)
. (2.61)

These two groups describe the near-wall region and the more distant

region. The fraction between the two groups forms Reτ . Close to the

wall,
y

δ
can be assumed to be zero and the expression can be written as

proposed by Prandtl (1925)

dU

dy
=
uτ
y
f

(
y

δv

)
, (2.62)
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which through the definition of u+ and y+ and the use of the chain rule

can be rewritten as
du+

dy+
=

1

y+
f
(
y+
)
. (2.63)

The integral form of law of the wall then becomes

u+ = fw(y+) =

∫ y+

0

1

y′
f(y′)dy′. (2.64)

In the viscous sublayer there are two boundary conditions that must

be fulfilled: u+(0) = 0 and du+/dy+ = 1 that comes from (2.54) being

normalized by the viscous scales. The expression for the viscous sublayer

then reads

u+ = y+. (2.65)

Further away in the logarithmic region the viscous effects can be ignored

and the first dimensionless group in (2.67) goes to zero, but we are still

too close to the wall to let the second dimensionless group contribute.

Hence f(
y

δv
) approaches a constant value denoted κ−1, i.e.

dU

dy
=

1

y+κ
, (2.66)

which can be integrated to

u+ =
1

κ
ln(y+) +B. (2.67)

The two constants κ, the von Kármán constant, and B have been deter-

mined from DNS and experiments to around 0.41 and 5.2 respectively.

These two functions fairly well predict the near-wall region, as can be

seen in Fig. 2.2. One should note that each of the functions works well

for one region but not well for the other. The buffer layer on the other

hand is not predicted by either of them.

2.4.1 Wall modeling in k − ε

A numerical problem with the definition of u+ is that it becomes sin-

gular at wall separation. Launder & Spaldning (1972) proposed that an
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Figure 2.2: Comparison of the wall functions with DNS simulation by

Kim et al. (1987) and experiments by Wei & Willmarth (1989).

alternative scale could be formed as

u∗ ≡ C1/4
µ k1/2 (2.68)

where Cµ = 0.09 and k the turbulent kinetic energy. This definition is

in agreement with the turbulent viscosity hypothesis u′v′ = C0.5
µ k = u2

τ .

The friction velocity uτ then reads

uτ =
U

1
κ ln(y∗) + C

. (2.69)

where y∗ is the near-wall distance similar to y+ but defined as

y∗ =
ρu∗y

µ
. (2.70)

In CFX, scalable wall-functions are used. The idea behind the scaling

is to not use any nodes closer to wall than y+ = 11.06 where the linear

and logarithmic profiles intersect. Further refinement of y+ might not

be more accurate as shown by Grotjans & Menter (1998), who proposed

a test function

ỹ∗ = max(11.06, y∗). (2.71)
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The dissipation at the boundary is calculated according to CFX Solver

Theory Guide (2014)

ε =
ρu∗C

3/4
µ k3/2

ỹ∗µκ
. (2.72)

2.4.2 Wall modeling in LES

Running a Large Eddy Simulation, each time-step is resolved down to

a certain scale, meaning there are no averaged solutions for the velocity

available and hence traditional wall functions are not applicable. How-

ever, in eddy viscosity-based sub-grid models such as the Smagorinsky

model, µt must of necessity be zero at the wall. Driest (1956) developed

an empirical wall-model for 1 < y+ < 1000 based on the mixing length

hypothesis, where close to the wall he uses a damping function

l+m = κy+
(

1− e−y+/A+
)
. (2.73)

In the Smagorsinky model lS , is calculated as lS = CS∆, and by using

the expression within the brackets in (2.73) the van Driest damping

function applied to the calculation of lS reads

lS = CS∆
(

1− e−y+/A+
)
, (2.74)

where A+ ≈ 26. Another alternative is to use LES for the bulk flow

and wall-functions as in RANS close to the wall. These simulations

are called Detached Eddy Simulation (DES) and are useful for confined

flows where the small length scales close to the wall are expensive to

calculate.

2.5 The Finite Volume Method

The Finite Volume Method (FVM) is a discretization technique used

by many CFD softwares. There are different types of FVM such as the

cell-centered method and the vertex-centered method. In this section
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the cell-centered method will be explained briefly in order to introduce

the concept to the reader(onödigt). Considering all different FVM tech-

niques, the geometry of interest has to be divided into control volumes

(CV). This is done by the meshing procedure; see section 3.1.2 for fur-

ther details. In the cell-centered FVM each element in the mesh is a

CV and the variables of interest such as mass, velocity and energy are

stored in the center of the CV and should represent the volume average.

In this chapter the scalar transport equation (2.75) will be discretized

using a second order approach. The scalar transport equation reads

∂φ

∂t
+
∂uiφ

∂xi
=

∂

∂xi

(
Γ
∂φ

∂xi

)
+ Sφ, (2.75)

where Γ is the diffusion coefficient, Sφ the source term and φ the scalar

being transported. Here φ is a function of both spatial coordinate(s)

and time, i.e.φ = φ(xi, t). The finite volume method then requires the

equation to be solved to hold within one CV. Since (2.75) is dependent

on both time and space it should be integrated over both time and

volume. First it is integrated over the volume, which yields

∂

∂t

 ∫
CV

φdV

+

∫
CV

∂uiφ

∂xi
dV =

∫
CV

∂

∂xi

(
Γ
∂φ

∂xi

)
dV +

∫
CV

SdV, (2.76)

which can be rewritten using Gauss’s theorem, yielding

∂

∂t

 ∫
CV

φdV

+

∫
S

φuinidS =

∫
S

(
Γ
∂φ

∂xi

)
nidS +

∫
CV

SφdV. (2.77)

The two volume integrals can be approximated to∫
CV

φdV ≈ φcVCV (2.78)

∫
CV

SφdV ≈ SφcVCV , (2.79)
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where subscript c denotes the center of the volume and VCV the element

volume. The two surface integrals can be approximated as∫
S

φuinidS ≈
∑
f

(φuini)fSf (2.80)

∫
S

(
Γ
∂φ

∂xi

)
nidS ≈

∑
f

(Γ
∂φ

∂xi
ni)fSf , (2.81)

where subscript f denotes the value at the face of the control volume and

Sf is the area of the specific face. Since the method stores the values at

the cell center the face values of the variable and its gradient have to be

estimated. This can be done with an upwind, central differencing or any

other schemes available. For the fine details, the reader is referred to

e.g. Ferziger & Perić (2002), Jasak (1996) or any other book focusing on

numerics and the finite volume method. However, in order to highlight

the main concepts, a brief description of the procedure is shown here. In

an upwind differencing scheme (UD) the face valued φf takes the value

of φc if the flow in the CV is directed out through that surface. If the

flow is directed into the CV through that surface φf takes the value from

the cell center of the neighboring cell (N). UD can be summarized as

φf =

φc for F ≥ 0

φN for F < 0
, (2.82)

where F = (uini)fSf . A central differencing (CD) method calculates the

value from the two cells sharing the face. Assuming an equally spaced

orthogonal mesh the central differencing scheme simply reads

φf =
φc + φN

∆
, (2.83)

where ∆ is the length between the two cell centers. Comparing these

two methods, UD is fairly robust and numerically stable but comes at

the cost of being dissipative. CD on the other hand has a second order

accuracy but is more unstable if the cell Péclet number (Pe = ρun∆/Γ

37



where un the face normal velocity (Patankar, 1980)) is less than two.

Instabilities occurring due to a high Pe can then be removed by a re-

finement of the region. If one cannot afford more cells there are several

different methods available to enhance the numerical stability and to

keep the numerical diffusion low. Perić (1985) proposed to use a mix of

CD and UD as

φf = φUD + Ψ(φCD − φUD), (2.84)

where 0 < Ψ < 1 and its lower bound (2.84) becomes UD and on the

upper bound CD. This forces Ψ to a constant. A more efficient way is

to tune the constant if needed. Introducing a function r as

r =
φc − φD
φU − φc

, (2.85)

where subscript D and U refers to the downstream and upstream cell

respectively. Ψ(r) are often called flux delimiters and numerous limiters

exist. In OpenFOAM a Sweby limiter defined by Sweby (1984) has been

implemented with the CD

Ψ(r) = max[0,min(βr, 1),min(r, β)]. (2.86)

Details about how to create robust routines with non-orthogonal meshes

and how it is done in OpenFOAM can be found in Jasak (1996) together

with in-depth analysis of different numerical schemes. The volume dis-

cretion of (2.75) with the time integration applied reads

t+∆t∫
t

∂φcVCV
∂t

+
∑
f

(φuini)fSf

 dt = (2.87)

t+∆t∫
t

∑
f

(Γ
∂φ

∂xi
ni)fSf + SφcVCV

 dt. (2.88)

There are two fundamentally different methods of solving this equation;

by using either an implicit or an explicit method. The difference between

the two is that the explicit method only calculates the new value φc = φnc
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using the old values φf = φof at the cell faces. The implicit method

calculates the new value φc and φf at the same time. There is also

a method which uses both the new and old time-step: this method is

called the Crank-Nicholson method. During the work in OpenFOAM

the implicit second order backward Euler method has been used. The

discretization of (2.75) with respect to time then reads

VCV

3
2φ

n
c − φoc − φooc

∆t
+
∑
f

(φuini)
n
fSf = (2.89)

∑
f

(Γ
∂φ

∂xi
ni)

n
fSf + SnφcVCV . (2.90)

For total discretization a spatial scheme should also be chosen.

2.5.0.1 The FVM in CFX

In CFX a finite element-based control volume algorithm is used. Com-

pared to the cell-centered finite volume method, CFX creates each con-

trol volume so that each node in the mesh from the preprocessing step

becomes a cell center of the control volume and the relevant quantities

are stored in each node. The corners of the control volume are created

from the surrounding cells medians. During the solution the variables

are stored in the mesh nodes. To estimate some of the variables in

the discretized equations, shape functions used in FEM are considered.

These variables can be compared to the estimate of φf and its gradient

in the cell-centered FVM.

2.6 Solver

The Navier-Stokes equation is hard to solve numerically due to its non-

linearity and pressure velocity coupling. The non-linear term compli-

cates the problem quite significantly. In the previous section the FVM

discretization technique was shown for the scalar transport equation.
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When performing the procedure on the Navier-Stokes equations with an

implicit approach, the non-linear term where the velocity is transported

by itself becomes ∇(uu) ≈ ∇(uoun) where superscripts o and n are the

available prediction and new prediction respectively. There are different

methods to solve the equations and some of them are briefly explained

here. Solution methods can be split into segregated and coupled solvers:

a segregated solver solves the equation for u and p independently while a

coupled solver solves the whole set of equations in one matrix operation

(Jasak, 1996). The two most-used segregated solvers are the SIMPLE

and PISO and algorithms developed by Patankar & Spalding (1972) and

Issa (1986) respectively, and some of their derivatives as SIMPLEC and

PIMPLE. A coupled solver can be more efficient and faster but generally

requires more memory.

2.6.1 The SIMPLE algorithm

The SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equa-

tions) is a steady-state solver for incompressible, turbulent flow and was

first developed by Patankar & Spalding (1972). It uses relaxation factors

to estimate the new pressure and velocity field. The time dependency is

ignored, therefore the lag in coupling between the pressure and velocity

is not a problem, since at the final step the difference between the two

following fields of velocity will be small. The relaxation-factors should

be chose so that αp + αU = 1. Ferziger & Perić (2002) recommends the

use of αp = 0.2 and αU = 0.8. The solution procedure for the SIMPLE

algorith is:

1. Set the boundary conditions.

2. Solve the discretized momentum equation to compute u by esti-

mating the pressure gradient from the pressure available from the

last iteration.

3. Compute the mass fluxes at the cells faces.
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4. Solve the pressure equation and apply under-relaxation.

5. Correct the mass fluxes at the cell faces.

6. Correct the velocities on the basis of the new pressure field.

7. Update the boundary conditions.

8. Repeat from 1. until residuals are lower than the convergence.

2.6.2 The PISO algorithm

PISO is an abbreviation for Pressure Implicit with Splitting of Opera-

tors and is a method developed by Issa (1986) to solve time-dependent

problems. Compared to the SIMPLE algorithm, the main difference is

that there are no under-relaxations and that the momentum corrector

step is done more than once since the new and old velocity fields must

be equal. This algorithm is numerically unstable if the time step is too

large. The general recommendation is to have Comax < 0.5 where the

Courant number Co = u∆t
∆x . A shortcoming of this method lies in the

assumption that the pressure has a larger influence than the non-linear

terms.

2.6.3 The PIMPLE algorithm

The PIMPLE algorithm is built by merging the PISO and SIMPLE al-

gorithms and is a transient solver for incompressible flow. It can handle

a larger time-step than PISO by using the under-relaxation technique

used in SIMPLE. This is a powerful tool in engineering and when us-

ing RANS models. This method is not applicable for LES, since the

shortest timescales should be resolved. It is important that the last iter-

ation of each time step is done with relaxations equal to unity otherwise

continuity might not be fulfilled.
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2.6.4 CFX

The solver in CFX is a coupled solver where the pressure and velocity

field are solved at the same time. Additional equations added to the

problem might not be coupled since this will make the problem very

memory-demanding to solve.
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Chapter 3

Method

3.1 Preprocessing

This section aims at giving the reader a brief introduction to all the

steps necessary to perform a CFD simulation.

3.1.1 CAD and model cleanup

The first step of a CFD simulation is to build up a good model. If

a model is already present it is important to clean up the model and

remove deficiencies created by excessively high tolerances in the CAD

model and remove small features of the model not necessary to model

and capture the phenomena wanted.

3.1.2 Grid generation

Since the FVM is a mesh-dependent method, the computational domain

has to be discretized into control volumes. In CFD the domain occupied

by the fluid is meshed, while the area of the object is empty. Prepar-

ing a mesh for CFD can be time-consuming and sometimes frustrating.

The importance of having a mesh of good quality cannot be overstated.

Important quality parameters of the elements are the aspect ratio, the

skewness and minimum and maximum angle and the element-to-element
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size ratio. High quality orthogonal cells make the calculation of variables

on the cell faces more correct. A bad quality mesh will produce poor

results.

There are two different approaches in grid generation: structured

and unstructured respectively. The difference between the two can be

seen in Fig. 3.1, where the structured method uses a blocking tech-

nique to map two opposite sides 1:1 and the unstructured meshes hav-

ing different element counts on each side. For complicated geometries

an unstructured method is preferable since blocking is time-consuming.

Structured meshes on the other hand generally produce higher quality

meshes and are more memory-efficient. There are also hybrid methods

where complicated parts are generated by unstructured elements while

simple parts are generated with structured elements. It is important

Figure 3.1: Example of a structured hexahedral mesh and an unstruc-

tured tetrahedral mesh

to have a finer mesh near boundaries where a no-slip condition is used.

For the structured mesh this is easily achieved by defining the node

spacing close to the wall depending on how resolved the boundary layer

should be. For the unstructured mesh the near-wall region is meshed by

creating a triangular mesh of the object and then extruding a certain
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number of times in the normal wall direction. The elements formed by

this procedure are called a prism layer.

3.1.3 Boundary conditions

The boundary conditions are what drive the flow in the CFD model.

To have correct boundary conditions is obviously vital for obtaining

accurate results. Some boundary conditions might be simple to set,

such as the velocity at the inlet or the pressure drop over the domain.

Other parameters such as turbulence quantities might be harder to set

accurately but can be roughly estimated. It is good practice to test the

robustness of a boundary condition by changing the value to see the

effect on the results.

3.1.4 Discretization and convergence

The final step before running the simulation is to set convergence criteria

and discretization schemes. Convergence criteria are values that tell

the computer to stop when the change from one iteration to another is

small. Discretization schemes should be chosen with care: starting with

an upwind 1st order scheme and then switching to a higher order scheme

is a common method to get quick results with low numerical errors.

3.1.5 Monitoring the solution

Looking at the convergence plots during a solution gives you some idea of

how well the solver is performing. But it does not tell you anything about

the physics; therefore probing some important parameters during the run

is necessary in order to ascertain whether the solution is approaching

a relevant solution. If the solvers stop converging before meeting the

convergence criteria and start to oscillate, monitoring points in the area

of high residuals can give you some indication of the problem. It may be

due to small fluctuations in a limited region, but it could also be caused
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by some large-scale fluctuations that cannot be modeled steady-state.

3.2 Post processing

3.2.1 Dynamic mode decomposition

Dynamic mode decomposition (DMD) is a novel method in the field of

fluid mechanics, used to detect coherent structures in experimental or

numerical results. DMD can be used for transient analysis of structures

in the 1D, 2D or 3D domain, such as concentration along a line, vortex

evolvement or velocity structures. The method gives results similar to

proper orthogonal decomposition (POD), which is a method to find the

orthonormal modes of the dynamical system. POD was introduced into

the field of fluid mechanics by Lumley (1967) and has its origins in

the principal component analysis (PCA) (Pearson, 1901). DMD has

in recent years proven to be superior to POD in many aspects since

DMD can capture the growth and decay of structures, and the frequency

locking is sharper. The method was introduced by Schmid (2008), a work

that is described in detail in Schmid et al. (2010a). A simpler version

of the method is explained in Schmid (2010b), and is briefly explained

here. Later the improvements in Schmid et al. (2010a) and Rowley

et al. (2009) are discussed. The principle behind DMD is that the data

set, which can be measurements or numerical results, is collected and

organized into a matrix such that

V n = [v1, v2, ..., vn] , (3.1)

where each vector vi is separated in time by ∆t and contains the full

field of each snapshot of the variable of interest. The matrix V has all

the information to analyze the dynamics of the flow down to the Nyquist
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frequency. Two more matrices are created from matrix V as

V n−1
1 = [v1, v2, ..., vn−1] (3.2)

V n
2 = [v2, v3, ..., vn]. (3.3)

If there are any evolving features in the snapshots vi it should be possible

to find a linear mapping A such that vi = Avi−1. If such a matrix A

exists

AV n−1
1 = V n

2 . (3.4)

In Schmid (2010b) a detailed argumentation can be found, that for a

sufficiently large number of time steps there should exist an upper Hes-

senberg matrix S so that

AV n−1
1 = V n

2 = V n−1
1 S + reTn , (3.5)

where r and en are the residuals and the n-th unit vector respectively.

The equation to solve is then

V n
2 = V n−1

1 S + reTn (3.6)

which is a least squares problem of finding the matrix S that minimizes

the residuals. One method to solve the least squares problem is to do

a QR-decomposition of V n−1
1 and calculate S = R−1QHV n

2 , where Q is

an orthogonal matrix and R an upper triangular matrix. An important

feature of this technique is that nowhere in the algorithm is there any

need to work with the matrix A, which means that there are no require-

ments on the size or shape of the measurement data Vn. By calculating

the eigenvectors and eigenvalues of S, denoted µi and yi respectively, the

dynamic modes of the flow are then calculated as Φ = V n−1
1 µ. The con-

tribution of a mode to the field is determined by the norm of the mode in

relation to the sum of all mode norms, where the most energetic modes

have the highest norms. The eigenvalues of S, yi, have information

about the frequency and the stability of a mode. The frequency infor-

mation is stored in the imaginary part of yi and can be extracted by
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ω = Im(log(yi)/dt) and f = ω/2π. The stability information of a mode

is calculated as σ = Re(log(yi)/dt) where a positive value indicates a

growing and increasingly unstable mode. σ = 0 indicates that the mode

is constant in time and σ < 0 a decaying mode.

This method to calculate the eigenvalues of the full matrix of S is

quite inefficient since a lot of the computational power is used to calcu-

late eigenvalues for low energy modes. It can be improved by instead

using the method in Schmid (2010b) where V n−1
1 is decomposed with

the singular value decomposition (SVD) as V n−1
1 = UΣV H , and then

making a new approximation of S by substituting the SVD of V n−1
1 into

(3.5) which yields

UHV n−1
1 V Σ−1 ≡ S̃. (3.7)

One should note that S̃ is really ΣWHSWΣ−1 and that there may be

some scaling of the matrix S̃ even if the eigenvalues are the same. The

important improvement with this approach is that the singular values

in Σ are sorted by amplitude, so an approximation of S̃ calculated by

ignoring some of the smallest singular values yields a smaller matrix

S, hence the speed of calculating the eigenvalues and eigenvectors is

significantly reduced without much loss in accuracy. Using this method

the dynamic modes are calculated as φi = Uyi. An alternative way is

to use a library written in Python. It is an open source library which is

able to decompose the data memory efficiently and it is also parallelized.

The code is described in detail by Belson et al. (2014) and is based upon

the work by Schmid (2010b) but with a more memory efficient algorithm

described by Tu & Rowley (2012). Here the main idea is to not flatten

each snapshot, but to create a correlation matrix C = V n−1
1

T
V n−1

1 .

Each element in C can be calculated by having just two snapshots in

memory at a time.
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3.2.1.1 Reconstruction

The estimate of the nth snapshot Ṽn in the data set is calculated as

Ṽn =

p∑
i=1

φiµ
n
i di (3.8)

where φ is the dynamic modes, µ the eigenvalues, and d a scaling pa-

rameter to get the right amplitude of the reconstructed snapshot sub-

script i represent the modes selected for reconstruction. The vector d

is achieved by solving the equation φd = v1, for example with the least

squares method which is suitable for solving non-square matrices. By

changing to v10, d will have the amplitude of the contribution from each

mode to the 10th result in the time series.

3.2.1.2 Validation

In this thesis the algorithms in Schmid et al. (2010a) and Schmid

(2010b) have been implemented in Python. To validate the code the

procedure proposed by Seena & Sung (2011) with the values from Zhang

et al. (2014) has been used. Here a set of modes qn with different growth,

decays, frequency, wavelength and shape widths have been constructed

with the following pattern:

qn(x, y, t) = an(t)

m=∞∑
m=−∞

(−1)mexp

[
−(x− βnm− γnt)2

dn
− y2

dn

]
, (3.9)

where an(t) defines the growth in time if an(t) > 1 and decay if an(t) < 1

and constant if an(t) = 1. The frequency of a mode is defined by fn =
γn
2βn

, and dn = anx+ bn affects the diameter of every Gauss bell. To see

the difference in performance between DMD and POD a constant mode

q0 = exp(−y2/0.7) should also be added. The total measurement of all

time steps is then calculated as

q =
∑
n

qn, (3.10)
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where n is the range of modes from which the data set is to be sampled

and qn the pattern defined in (3.9). To follow an example by Zhang

et al. (2014) the constants have been chosen as in Table 3.1. Looking

Table 3.1: Constants used to generate the artificial pattern.

n an bn βn γn f(Hz) αn(t)

1 0.03 0.05 0.8 0.8 0.5 1

2 0.015 0.035 0.55 1.8 1.64 e−t/30-0.1

3 0.0075 0.02 0.3 2.4 4.0 1.2− e−t/20

at the middle bar of Fig. 3.2 the frequencies are clearly shown as exact

matches with the frequencies in the fabricated pattern in Table 3.1 and

the highest bar is the mean value. In the upper right sub figure in Fig. 3.2

the spectrum of the modes with information about the growth and decay

of a mode and the frequency is presented. One marker is placed at the

origin which indicates zero frequency and stability in time. The two

markers placed at ω = 0 are constant in time but have some frequency

information. Then there also are one pair of markers with negative ω

and one pair with positive ω. Since the y-axis is proportional to the

amplitude of the frequencies we can draw the conclusion that the mode

with highest frequency is growing, the lowest frequency is constant in

time, and the middle one is decaying.

To qualitatively validate the code, the different time steps are re-

constructed and compared with the fabricated pattern. Four different

time steps are shown in Fig. 3.3, where it can be seen that the overall

agreement is good. A small divergence exists and it grows over time

since the amplitude of the modes is scaled with d which is calculated

from the first time instance of the pattern. In Fig. 3.4 the contribution

of each mode for a given time is shown and compared to the fabricated

pattern.
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Figure 3.2: Comparison of the pattern and the decomposition at different

time steps.
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Figure 3.3: Validation of the reconstruction of the code.
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Figure 3.4: The contribution of each mode at a given time.
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Chapter 4

Concluding remarks

In this work, two industrial processes in the form of the Ruthner process

and the rotary kiln have been investigated. Common to both processes

is that the environment is of such a nature that measurements are hard

to perform and therefore Computational Fluid Dynamics offers a good

approach to learning more about the processes and the physics involved

within them. The approach to analyzing these two processes are very

different: The Ruthner process has been investigated with the aim to

make the simulations as close to the real case as possible with the time

and knowledge available while the rotary kiln has been simplified in order

to look at the dynamics from a more fundamentally fluid mechanical

perspective using the properties of a scale model.

For the simulations with the Ruthner process where the boundary

conditions are close to reality, a large amount of care has been put

into minimizing the numerical errors. An alternative approach would

have been to initially add more of the needed physical- and chemical

properties of the process such as the rough walls and chemical reactions,

and then perform the mesh studies and sensitivity tests when all the

important properties of the process were included in the model. The aim

was however to get more knowledge about the flow within the process

and see if there could be any simple geometrical improvements of the

process. The chemical reactions are likely to have little additional effect
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on the aerodynamics of the reactor and conclusions on how the change

of nozzle position can be made. It was found that having the nozzles

close to the wall may increase the number of particles.

The results show that the spray nozzle position does affect the flow

and dependent on what is to be prioritized - an energy-efficient process

or good quality by-product - the nozzle position could be moved. For an

energy-efficient process it was found that the nozzles should be placed

close to the wall. This will lower the near-wall temperature and energy

losses through the wall will be minimized. If a good quality by-product is

wanted, particles must evaporate before they enter the near-wall region

and all particles should as far as possible have similar paths through

the process. Results from nozzle position at r = 0.5 m indicate the

best quality of the by-products. Further, a study of the importance

of correctly model the near-wall region was performed. This near-wall

region extends far from the wall compared to the boundary layer to

correctly model the near-wall region as an important factor in correctly

modeling the inner region of the domain correctly.

In the kiln simulations a cold scale model of the kiln is modeled and

focus has been on understanding the physical processes when a burner

is disturbed by a non-uniform flow due to poorly designed secondary

channels. In the experimental work presented in Paper D the scalar

mixing was investigated for different flow ratios between the upper and

lower channel. It was found that there are some larger fluctuations

present in the scalar field when the secondary flow momentum flux ratio

is increased. These results are well in line with earlier results in Larsson

et al. (2011). To investigate whether these fluctuations and poor mixing

were due to the vortex shedding, numerical simulations were performed.

In Paper E a larger setup was considered in order to validate a numerical

model with the experimental work of a square cylinder and a free jet and

to learn and develop how to analyze such a process, as well as showing

the concept. In Paper E the models and methods developed in Paper F
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were applied to a confined flow with the same Craya-Curtet parameter in

order to model the flow of the real kiln. Results show that under present

Craya-Curtet parameter of 0.86 the vortex shedding is to a large extent

suppressed by the jet. For higher flow ratios through the secondary

channels the characteristics of the mixing is changed far downstream

which might be due to coherent structures.
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Chapter 5

Future work

Coming to the end of the road and looking back over the last five years,

and with all the experience now in the baggage, it is easy to conclude

how things should have been done. Lots of decisions based on others

results, gut feelings and discussions with colleagues and staff from LKAB

and SSAB have however made this thesis to what it is. There are many

ideas that have not been tried or tested and there are many tries that

are not reported here. In this chapter some ideas about the direction

for future work are discussed.

5.1 The Ruthner process

This process involves a complex swirling flow with strong transient ef-

fects. By suppressing those dynamics some important physics are ig-

nored. Transient simulations will be time-consuming but computers are

quite cheap these days and the most severe limitation in terms of com-

putational power is the number of licenses you can afford. If I were to

start over with this project I would try to simulate the full model and

do it transiently with the chemical reactions applied. The reactions are

well described by the experimental work Beck et al. (2007a) and applied

to a numerical setup in Beck et al. (2007b).

59



5.2 The grate kiln

One of the problems with the burner and burner hood configuration in

one of the kilns at LKAB, is that the flame has strong periodicity with

a quite significant swirl. The reason for this may be due to coal feeding,

secondary flow or the configuration of the burner hood. The frequency is

of the order of 0.1Hz; with the size of the kiln and secondary air velocity

in mind and knowing that the Strouhal number should be of the order

0.2 for this kind of flow (Larsson et al. , 2012), one could probably

make a quite qualified guess that the burner hood geometry does not

give such effect. The same goes for the burner; the periodicity of the

burner would probably be of higher frequencies, or if there is some major

problems with the feed, such as coal coming in chunks, the periodicity

would probably be more random. More probably, this periodicity and

swirl of the flame is due to unsteady flow in the upper and/or lower

secondary channels. Since the flame twists the same way over and over

again there are probably some downstream velocities at the left side of

the upper secondary channel or upstream velocities in the right part

of the lower secondary channel. To create visualizations for the process

some ideas could be applied from the area of free surface modeling where

the surface is recognized as the place where the volume fraction of water

and air is 0.5. It becomes a little trickier with the free jet since the 0.5

concentration region would be close to the burner due to the expansion

of the flame. Instead the concentration should be scaled with the mean

centerline decay to get one along the centerline. This will make the

data storage of a fairly long run manageable and the actual animation

would not take too long. The simulation could probably be ran with a

fairly simple turbulence model as the Realizable k − ε model since the

large scale fluctuations could be forced by the boundary conditions and

it is proven to model jet quite well. The problem with not modeling

vortex shedding very well is probably not of main concern since they are

suppressed by the jet at the operating Craya-Curtet number.
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It would be interesting to see if the experimental results in Paper D

can be improved by using two-point correlations techniques to estimate

the velocity in the pictures of the scalar. Specially the stream-wise

component might be possible to estimate closer to the jet.

5.3 Dynamic Mode Decomposition

The DMD approach to analyzing time-resolved simulations has been

successfully applied to the jet and square cylinder case. The method

gives some more insight into flow structures and what processes are go-

ing on. The next step is to adopt the method to the results of Paper F.

DMD is a relatively new approach that has been spread quickly within

the field of fluid mechanics. One reason for this may be that it came

to light in a time when huge amounts of data are produced by modern

numerical setups. The strength of the method is that it makes it easy

to detect structures. The method is still in its infancy and a lot of re-

search is going on to improve the algorithm. Being up to date with the

research front might be vital since some important improvements may

come in the near future. But to be able to adopt to new methods every-

one interested in learning the method should go through the papers by

Rowley et al. (2009); Mezić (2005); Schmid (2010b) since these describe

the basic approach of the algorithm. To take the analysis a step further

the modred library should probably be used. Then the decomposition

can be quickly made distributed over a large number of cores making

it possible to solve larger problems. The algorithm used in modred is

described in Belson et al. (2014). Since both free jets and vortex shed-

ding are three dimensional problems, they should be analyzed with all

dimensions in mind. Especially in the case of the kiln where there are

no symmetries. Other methods such as POD and BPOD should also

be considered. One useful way to use these tools is as filters of PIV

measurements. For many types of flows the important structures are re-
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solved with a couple of modes or 90% of the energy. Then there is some

turbulence that makes everything except the mean value look good. By

filtering out the turbulence good animations can be created. Of course

the turbulent quantities should also be reported.
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Abstract 
 
 This study is devoted to CFD modelling of the gas flow and particle dynamics inside 
the reactor of a furnace used for regeneration of hydrochloric acid  from iron chloride - a rest 
product from the pickling process in the steel industry. The understanding of the dynamics 
inside the reactor has shown to be of great importance in order to optimize the process. So far 
the process has been a black box, where only the inflow conditions are known together with 
the quality of the final product. In this work the gas flow is resolved together with the thermal 
distribution and the particle trajectory for the injected acid molecules. 
 
Introduction 
 
 During hot rolling of thick metal slabs to thinner sheets in the steel industry, the 
surface gets oxidized by the surrounding air. Before the sheets are further refined in the 
production line these surface oxide films are removed in a process where the metal sheets are 
dragged through a pickling bath containing hydrochloride acid (HCl).  Due to the formation of 
iron chloride (FeCl2), HCl loses its ability to remove iron(II) oxide (FeO) from the surface. 
Hence fresh acid is continuously admixed to the container and the used acid is collected at the 
other end of the container [1]. Acid is hazardous to the environment and has to be regenerated 
which can be done by different techniques, such as spray roasting and different membrane 
techniques [2]. In a spray roasting reactor FeCl2 is oxidized to iron(III) oxide (Fe2O3) and HCl 
is regenerated in a hot furnace. The hourly production/regeneration rate for such a process 
typically lies between five and ten cubic meters of acid.!!
 Previous work about the process by Beck et. al. [3-4] has been focusing on the 
chemistry when drops of used HCl, H20 and FeCl2 forms Fe2O3 and HCl gas by the reaction 
 
 2 2 2 2 34 F eC l 4 H O O 2 F e O 8 H C l 55kJ .        (1) 
 
 According to Beck et. al. [3-4] water evaporates from drops at 373 K until the mass 
fraction of FeCl2 is 0.64 which corresponds to the mass fraction in Thetrahydrate 
(FeCl2 20). The temperature of the drops increases and the water evaporates from 
FeCl2 20 and is fully evaporated at 538 K.  
 The ideal reaction in (1) requires a ratio of H20 to O2 of 4:1 in the surrounding air. 
Otherwise several side reactions will appear which can be written as  
 
 2 2 2 3 212 F eC l 9O 6 F e O 12C l 851kJ ,         (2) 
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when reduced to simplest form. This process has been modelled numerically by Beck et. al. 
[3-4], where the work in [4] also is validated with experimental data. 
 The present study focus on the flow characteristics in the process which is of 
importance to understand when optimizing of the process. Optimization parameters to be 
investigated involves changes of nozzle position, spray direction, size of droplets and power 
of burners. Optimization can be done in two ways: either by minimizing fuel costs or by 
achieve better quality of the particles.  
 This work is focusing on the initial two seconds after spray is introduced, which is the 
timescale of the vaporisation. After vaporization particles density will rise due to reaction (1) 
and (2). These changes in density is not modelled, therefore will particles only behave 
physical until vaporisation. 
 The spray roasting reactor used in the present study has a height of 18.5 m and a 
middle section radius of 4.3 m. The bottom part of the reactor is conical shaped with a height 
of 6.82 m and a bottom radius of 0.23 m. As viewed in Fig. 2 showing the cross section of the 
geometry, the main diameter of the reactor decrease fast close to the top of the reactor. Four 
natural gas burners placed tangentially to the reactor introduces heat for evaporation of the 
droplets, while the four spray nozzles feeding the system with used HCl are placed 
symmetrically at distance of 14.6 m from the bottom and at a radius of 1.5 m from the centre 
of the chamber.  The 

20 and 51 
% other substances, which are presented in Table 1.  
 
1. Theory 
 
1. 1. Governing Equations and Turbulence Model 
 The Reynolds Averaged Navier-Stokes equation is considered to govern the gas 
motion inside the reactor. As turbulence model, the Shear Stress Turbulence model (SST) 
which combines the k-  and the k-  is considered. Far from 
the wall the k-  model is used while the k-  is used closer to the wall. The fluid is treated as 
non compressible.  
 
1. 2. Liquid Evaporation Model 
 To calculate mass transfer due to evaporation, Antoine's equation is considered  
 

 
BA

T C
vap refP P e ,          (1.1) 

 
where Pvap is the vapour pressure and Pref the gas pressure, A, B and C are constants and T is 
the temperature of the droplets. If Pvap is higher  than Pref the mass transfer of water to steam 
is calculated using  
  

 CQdm
dt V

,           (1.2) 

 
where QC is convective heat transfer and V the latent heat.   
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2. Numerical modelling 
 
2. 1. Geometry and Mesh  
 Some simplifications of the geometry are considered in order to simplify the mesh 
generation and the calculations: i) The lances which holds spray nozzles are neglected. ii) wall 
- which in reality is made of bricks and hence imply a non-zero value of the surface roughness 
- is treated as smooth (i.e. the surface roughness is not considered). 
 In order to obtain reliable results a mesh of good quality and which have sufficient 
number of nodes is crucial. Here the region close to the burner is meshed with tetrahedrals due 
to sharp angle in geometry while the rest of the domain is meshed with hexahedral elements. 
To verify that enough number of nodes were used a mesh analysis was made, see Fig. 1. 
 
2. 2. Boundary Conditions 
 Each of the four burners is fed with natural gas and air: 71 nm3/h and 2240 nm3/h 
respectively, where nm3/h is normal cubic meters per hour.  This corresponds to a mass flow 

measured continuously in the process. The flow is simulated as non compressible.  
 The four nozzles has a spra
given spray angle. The droplets are considered  normal distributed with a mean diameter of 

is set to 60
simulations. Eulerian-Langerian approach is used for particles tracking the coupling between 
those is two way so evaporated water from particles will be transferred into the continuous 
phase. Forces acting on particles in simulations are buoyancy and dragforce. The heat transfer 
coefficient for the wall is set to 0.6 W/m2K. The evaporation is calculated from (1.1) using 
values of the constants such that A=5.11564*ln(10), B=1689.54*ln(10) and C= -65.15 [5]. 
The density of the other products than water is set to 1500 kg/m3 to fulfil the initial condition 
of acid density which is 1240 kg/m3. When the particles starts to react with O2 and H20 the 
density will rise in reality which is not implemented in this model. The two stage evaporation 
process described in [2] is not considered in the present study but is a highly interesting 
development to be treated in the future. Tab. 1 shows the exact composition of the used 
acid. 
 
Tab. 1. Mass fraction of substances in acid 

Substance Fe2+ Fe3+ HCl3 Cl- H20 

g/l 204 28 39 362 607 

 
3. Results and Analysis 
 
3. 1. Mesh Analysis  
 Mesh analysis of three different grid spacings are compared: 280,000, 780,000 and 
1,700,000 nodes respectively. Simulations are made with the final model, with heat loss and 
evaporation included. Respectively results are compared in Fig. 1, showing no significant 
difference in temperature or mass fraction. The final simulations have been done using the 
780,000 nodes mesh.  
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3. 2. Character of F low 
 In Fig. 2 the temperature distribution and velocity profile is shown. The velocity is 
directed upwards close to the wall, while it makes a rapid change with a dominantly 
downward direction at distance of 0.3 m from the wall, with another change of direction in the 
middle of reactor. This profile can be explained by the temperature distribution with hot air 
from burners  rising along the wall, while in the region of high temperature gradient, the flow 
changes in direction and moves towards the bottom of the reactor. 
 

 
Fig. 2. Left: temperature distribution. Right: velocity profile in vertical direction. Arrows with 
equal length shows direction of flow in the plane 

 
3. 3. Validation of Numerical Model with Measurements 
The temperature profile has the same characteristics in both cases, with  highest temperature 
0.1-0.2 m from the wall and temperature change in the same region. The difference in 
temperature in the region close to the wall can be explained  by a low  valueof the specific 
heat for the acid. Furthermore, measurements capture the convection from the colder walls  
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Fig. 1. Mesh analysis of temperature and mass fraction of air along a line perpendicular to wall 
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 which could affect the accuracy of the 
measurements. Also , the temperature of 
the exhaust gas could have been set too 
high due to a high temperature on the 
burner walls which results in convection 
heat to the thermoelements placed in the 
burner chamber. 
 
3. 4. Droplet Evaporation 
 In order to optimize the Ruthner 
process, one parameter to vary is the 
nozzle position. The results in Fig. 4 is 
taken two seconds after injection, 
showing that particle evaporation and 
distribution is changing with nozzle 
position. With nozzles placed close to the 

centre, droplets tends to stay in upper part longer with a slower evaporation as result. Having 
nozzle position close to the walls makes the droplets travel faster in vertical direction and 
evaporation is slightly faster compared with the position 1.5 m from the centre. 
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Fig. 4. Particle evaporation depending on placement of nozzle at radius 1.0, 1.5 and 2.5 m 
from centre. Dotted line: is particles containing less then 20% water. Solid line: particles 
containing more than 20% water. Particle distribution two seconds after injection 

 
4. Summary and Conclusions 
 
 In this study the flow characteristics of a spray roaster furnace has been investigated 
numerically. The physical models that has been introduced to the simulations are evaporation, 
heat losses thorough walls, drag force on particles and the dynamics of the gas flow. It is 
shown a dramatical change in direction for the vertical velocity when going from the boundary 
wall towards the centre of the reactor.  This is caused by sharp temperature gradients, leading 
to significant density variations and dominant buoyancy effects within the gas flow. These 
fluctuations play a key role in the overall dynamics of the gas flow inside the reactor, and 
hence also for the whole regeneration process. A comparison between modeled temperature 
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Fig. 3. Comparison between simulations and 
measurements. Temperature is taken along a 
line, 1 m above burner, perpendicular to wall 
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and data from measurements reveal a good correlation in the inner region. Also the 
characteristic of the the two are good, with the highest temperature at distance 0.2-0.3 m from 
wall and the highest temperature gradient in the same region. It is also been shown  how the 
time of evaporation is effected by the nozzle  position. 
 The numerical model presented in this paper gives a good idea of the flow and 
distribution of temperature in the process  representing the droplets until evaporation. To give 
the full picture of particle distribution however, density change of particles has to be 
introduced. This can either be done by implementing the full chemistry model or by setting a 
mass exchange between gas and solid, as a function of time and temperature. An uncertainty 
in these simulations is the heat capacity of the solid part of the particles, here set to 460 
J/kgK wich corresponds to the value of iron oxide.  
 When monitoring the solver, fluctuation in velocity and temperature is seen. This can 
be explained by transient effects in the process. These effects can be captured by running 
transient simulations, which are very time consuming. Steady state simulations are therefore 
to prefer and is a good trade-off between quality and time.  
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ABSTRACT

In the steel industry, waste hydrochloric acid is produced through the process to pickle steel slabs for

removal of corrosion. Regenerated hydrochloric acid is obtained by separating the chloride gas from the

waste product through spray roasting. This process also produces a by-product in the form of iron oxide

which is sold to different industries. The present study is a continuation of a study arising from the need

to better understand the dynamics inside the regeneration reactor, which in turn will improve possibilities

to optimize the regeneration process, which to date has been manually adjusted by trial and error. In this

study the velocity and temperature distribution inside the reactor is numerically modelled together with

the droplet motion through the reactor. The main objective is to investigate the influence of a changed

spray nozzle position on the flow characteristics of the continuous and dispersed phase, and the relation

between temperature and energy efficiency and the regeneration process. Numerical models of the type of

flow present in the regeneration reactor are not represented to any major extent in the literature, making

the present study relevant to the engineers and researchers active in the steel industry and the application in

question.

Keywords: Two-phase flow, Hydrochloric acid regeneration, Particle transport, Energy efficiency, Spray

nozzle position.

NOMENCLATURE

A f cross section area of a particle

Cε1, Cε2 model constants

CFD computational Fluid Dynamics

e error

fi external force

GCI grid Convergence Index

h latent heat of water

hc heat transfer due to convection

hr heat transfer due to radiation

k turbulent kinetic energy

k f thermal conductivity

L characteristic length

M million

Nu Nusselt number

p order of solution

P ensamble-averaged pressure

Pr Prandtl number

r radial co-ordinate

ri j ratio between indexed mesh sizes

Re Reynolds number

Rep particle Raynolds number

RNG Renormalized Group

RSM Reynolds Stress Model

RANS Reynolds Averaged Navier- Stokes

S rate of strain

T temperature

Ta volume averaged temperature

Ui ensamble-averaged velocity

ui velocity fluctuations

uiu j turbulent Reynolds stresses

vp, f Particle/fluid velocity

v0
p particle velocity at the

beginning of the cell

ε dissipation rate of turbulent energy

εm surface emissivity

λ thermal conductivity of the fluid

µ laminar dynamic viscosity

µt turbulent viscosity

ρ fluid density

σε, σk model constants

σb Stefan-Bolzmann constant

τ aerodynamic relaxation time

%m mass percentage
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1. INTRODUCTION

Hydrochloric acid (HCl) is used in the steel indus-
try to remove iron oxide complexes from sheets
aimed for high strength steels Johansson (2010).
The process is called pickling and implies that steel
sheets are pulled through a container with acid
whereupon the iron oxide on the metal surface re-
acts with the acid and dissolves into it. In steel in-
dustries it is generally preferred that the waste HCl
is regenerated rather than being shipped away for
destruction, as the latter is a more expensive alter-
native. The regeneration process in question in the
present study is carried out using the spray roasting
technique, a process which is driven by four gas
burners placed symmetrically along the periphery
of the reactor at a level just above the conical sec-
tion; see Fig. 1. Waste acid is sprayed into the reac-
tor through spray nozzles near the top, while chlo-
ride gas is collected at the top of the reactor. The
by-product in the form of hematite, i.e. the mineral
form of iron (III) oxide (Fe2O3), is produced and
collected at the bottom of the reactor. The hematite
is sold and used in e.g. the electronics industry and
as filling material in road constructions. The by-
product from the regeneration process is thus re-
cycled, contributing to environmental sustainability
and to economic benefits from HCl regeneration.

Up to around the 1960s, sulphuric acid (H2SO4)
was used in most pickling plants, but nowadays
HCl is the most used acid Kladnig (2008). The
physical details of the regeneration process are not
known. The quality of the regeneration/ drying pro-
cess which directly mirrors the quality of the iron
oxide is of certain importance since the profitabil-
ity of the product is dependent on it. The pro-
cess is tuned by adjusting the inflow of waste acid
(speed and direction) and the burner mass flow rate.
To better understand the drying process, it is es-
sential to have a picture of the gas flow dynam-
ics inside the reactor. The flow behaviour inside
the reactor is also of interest from a specifically
fluid mechanical perspective, as it is characterized
by a complex flow including a turbulent swirling
motion. Only a few studies have been presented
that scrutinize the regeneration process in the spray
roaster. Nevertheless the regeneration process it-
self in terms of different approaches has attracted
more attention within the research community in
question. Two ways of regenerating HCl, through
the membrane and pyrometallurgical techniques re-
spectively, were presented in the work by Regel-
Rosocka (2010). Other acid regeneration processes
are theprecipitation/neutralization, and evaporation
processes as described by Regel-Rosocka (2010)
where it is shown that the pyrometallurgical tech-
niques can be carried out in two ways, using flu-
idized beds and the spray roasting process respec-

2

The present study is part of an overall approach of
building a full numerical model of the regeneration
process, and is a development of the work made
by Johansson et al. (2010) and Westerberg et al.
(2011), who designed a first numerical approach to-
wards resolving the flow dynamics in the regenera-
tion reactor together with the temperature and par-
ticle distribution. The focus in the present study is
on the change in flow and temperature dynamics in-
side the reactor due to a changed spray nozzle loca-
tion, and their impact on droplet motion through the
reactor together with the impact on the energy effi-
ciency. The numerical models in the present study
are made with specifications from an existing plant.
There are however many similar plants around the
world that works on the same principles, but the di-
mensions might be different depending on the need
of regeneration capacity of HCl.

CFD is generally a very useful tool to investigate
both fundamental fluid flow properties and prob-
lems related to engineering applications. Modern
codes are also highly suitable for multiphysical ap-
proaches like the present study. To exemplify the
versatility of recent CFD simulations we highlight
the following studies: by Gibson and Schild (2009)
using CFD in astrophysical applications, Stouffs
(2011) on hot air engines, Marjavaara et al. (2007)
on hydraulic diffusers, Avinash et al. (2013) on
Bingham flows, Choudhury and Hazarika (2013) on
multi-physical magnetohydrodynamic flows, and
Lundström et al. (2010) on fish guiding devices.

2. SET-UP

By resolving the temperature and velocity pro-
files inside the reactor in combination with parti-
cle transport, the effect of changing the nozzle po-
sitions at the top of the reactor on these quantities
will be investigated. Variables in focus are the out-
let temperature and droplet position and time taken

188

tively two techniques which are described in detail
by Kladnig (2008). In terms of numerical simula-
tions of the regeneration process,Beck et al.(2007!)
and Beck et al.(2007") have used Computational
Fluid Dynamics (CFD) to model the flow in the re-
actor with special emphasis on the coupling to the
chemistry of the pickling process and the regenera-
tion of the waste product. Recently Shiemann et al.
(2012) performed a dual experimental and numeri-
cal study of spray roasting of FeCl , in which a lab-
oratory scale model was used. Numerical models of
the regeneration chemistry, in isolation or in com-
bination with the reactor flow and the thermal dy-
namics, are relatively scarce in the literature. In ad-
dition to the work by Shiemann et al. (2012) cited
above, Beck et al. (2007!) and Beck et al.
(2007")have in their studies focused closely on the
processchemistry.
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Fig. 1. Schematic view of the reactor geometry rep-
resented by one quarter of the domain. The spray
roasting process is driven by the four burners placed
along the periphery of the reactor. Waste acid is in-
jected through spray nozzles at the top of the reac-
tor. Chloride gas is collected at the outflow location
while precipitated solid iron oxide falls to the bot-
tom of the reactor, where it is collected.

for the droplets to fully evaporate. The outlet is set
perpendicular to gravity in order to reduce the in-
flow of cold air into the process; see Fig. 1. The
outlet temperature is of certain interest with respect
to the regeneration process, since the thermal losses
have to be minimized in order for the process to be
as efficient as possible. Furthermore, for fuel effi-
ciency, it is of particular interest to investigate the
wall temperature and related heat loss through the
wall. Droplet evaporation time and position are im-
portant, since the quality of the particles has to be
uniform; which means that their trajectories have
to be as similar as possible. It is also important
that particles are evaporated before they hit the wall
in order to reduce agglomeration, which can cause
problems. With regard to the velocity, the verti-
cal component is most significant, since it together
with gravity transports the droplets through the pro-
cess. The whole-field temperature distribution is
also of importance since it gives information about
where particles evaporate.

3. GOVERNING EQUATIONS AND NU-

MERICS

The simulations are carried out with the commer-
cially available numerical code ANSYS CFX-13.
The fluid is considered incompressible as the Mach
number of the flow is significantly below 0.1, lead-
ing to negligible changes in fluid density due to
compression. Considering an unsteady flow of
an incompressible Newtonian fluid, the Reynolds-

average Navier-Stokes (RANS) equations are writ-
ten as

ρ∂Ui

∂t
+ρ

∂UjUi

∂x j
= ρ fi+

∂
∂x j

�
−Pδi j +µ

�
∂Ui

∂x j
+

∂Uj

∂xi

�
−ρuiu j

�
(1)

where ρ is the density of the fluid, µ the laminar
dynamic viscosity, P the ensemble-averaged pres-
sure, Ui and fi the ensemble-averaged velocity and
external force components, and ui the fluctuating
velocity. The last term on the right hand side is
turbulent (Reynolds) stresses due to the fluctuations
in velocity field, which are determined according
to the Boussinesq eddy viscosity assumption. The
continuity and energy equations additionally apply
to the RANS equations.

3.1 Turbulence Model

The two-equation model k − ε is one of the most
used turbulence models today as it is applicable to
a large variety of flow scenarios, and is also cheap
to use in terms of computational cost. Today the
k− ε model is the more common name for a family
of special variations of the model as originally de-
scribed. The k− ε model has been tailored to work
for different flow scenarios. One example is the
Renormalized Group (RNG) k−ε turbulence model
which is sensitive enough to account for turbulent
flow on a smaller scale through the re-normalized
Navier-Stokes equations. The k− ε model is writ-
ten as

∂(ρk)
∂t

+
∂(ρUjk)

∂x j
=

∂
∂x j

��
µ+

µt

σk

�
∂k
∂x j

�
+Pk−ρε

(2)

∂(ρε)
∂t

+
∂(ρUjε)

∂x j
=

∂
∂x j

��
µ+

µt

σε

�
∂ε
∂x j

�
+

+
k
ε
(Cε1Pk −Cε2ρε) (3)

where µt is the turbulent viscosity and σε, σk, σε1
and σε2 are model constants Launder and Spald-
ing (1974). Two variants of the k − ε model are
represented by the Renormalized Group (RNG)
model introduced above, and the Realizable model
respectively Yakhot et al. (1992), Shih et al.
(1995). These models introduce the rate of strain
S = (Si jSi j)1/2 into one of the constants. The Re-
alizable k− ε model introduces S to σε1 through a
set of equations while the RNG k− ε model intro-
duces S into the constant σε2. For the application of
swirling drying flow, Huang et al. (2004) presented

189
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a comparison of how these three k − ε turbulence
models perform as compared to a more advanced
Reynolds Stress Model (RSM). Experimental re-
sults showed that the RNG k− ε turbulence model
performs better than the standard k− ε model and
the Realizable k− ε model, and almost as good as
the more computationally costly RSM. It was also
shown that the standard k− ε model and the Real-
izable k − ε model under-predicted the velocity in
the inner region of the swirling velocity field. In
this paper, the RNG k− ε model is considered with
respect to the actual application of swirling (spray)
drying flow.

The Reynolds number for the continuous phase is
of the order of 105 at the inlet level (top of the re-
actor), while the corresponding value at the burner
level is of the order of 5 ·105.

3.2 Coupling Between Phases

The continuous phase is treated as Eulerian while
the dispersed phase is modelled with a Lagrangian
approach where the dispersed phase is solved every
fifth iteration of the continuous phase. The phases
are two-way coupled so that the dispersed phase
is not only affected by the continuous phase but
also contributes to the continuous phase by adding
or subtracting source terms into the momentum,
continuity and energy equations Sommerfeld et al.
(2008). A turbulence model solely for the dis-
persed phase is not considered. The particles ve-
locity is calculated through the analytical solution
of the particle momentum equation

vp = v f +
�
v0

p − v f
�

e
δt
τ +Fall

�
1− e

δt
τ
�
, (4)

where index p and f denotes particles and fluid re-
spectively. 0 is the particle velocity at the beginning
of the cell and τ the aerodynamic relaxation time.
Fall is the sum of forces acting on the particles in
this case buoyancy and drag which are calculated
as

FB = (mp −m f )g, (5)

FD =
1
2

CDρ f A f
��v f − vp

��(v f − vp) , (6)

where CD is the drag coefficient and A f the cross
section area of the particle. The convective heat
transfer is calculated by

QC = πdλNu(Tf −Tp), (7)

where λ is thermal conductivity of the fluid and
Nu the Nusselt number which is calculated with

the Ranz-Marshall correlation according to Tosun
(2002)

Nu = 2+0.6Re
1
2
p Pr

1
3 . (8)

Here Rep and Pr is the Reynolds number based on
the particle diameter and the Prandtl number re-
spectively. The type mass transfer from drop to
continuous phase is determined by the Antoines
equation

pvap = pscaleeA B
Td−C , (9)

where A, B and C are constants; see Johansson
2010. If the exponential term is larger than 1 the
vapor pressure pvap is larger than the ambient pres-
sure and boiling will occur, resulting in

dmd

dt
=−QC

h
, (10)

where h is the latent heat of water. In the present
paper boiling is the dominant mass transfer. For
details about the non-boiling mass transfer readers
are referred to Abrahamzon and Sirigano (1988).
Mass, heat and the forces are introduced to the
momentum-, continuity and energy equation as
sources or sinks.

4. GEOMETRY, MESH AND BOUNDARY
CONDITIONS

4.1 Geometry and Simulation Model

The reactor sketched in Fig. 1 has a total height of
18.5 m and a middle section 8.8 m in height, and
has a radius of 4.3 m. The bottom section has a
height of 6.8 m and a bottom radius of 0.23 m. The
burners are placed 7.9 m from the bottom of the re-
actor. Each nozzle plate consists of four nozzles
respectively, and is attached to the tip of a lance at
the top of the reactor. There are four lances in to-
tal, which are placed symmetrically at a distance
(in the radial direction) of 1.5 m from the center. In
this study, two additional nozzle positions are sim-
ulated: r = 0.5 m and r = 3.0 m respectively. The
simulation model described below is well investi-
gated in terms of grid independency in and vali-
dated with the work by Huang et al. (2004), who
used a lab-scale model of a spray dryer for exper-
imental modelling. Validation with measurements
in the reactor in question has not been carried with
the exception of the temperature data presented in
Johansson et al. (2010). Obtaining experimental
results of the variables analysed in this study is not
trivial due to the extremely hostile environment in-
side the reactor and requires a separate approach to
be presented in a future publication. In this paper,
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the quality and trust work is focused on the grid in-
dependency and validation with data from the lab-
scale model that Huang et al. (2004) used. In Table
1, results from the grid study are presented. The
results are from simulations with 10.6M, 6.4M and
1.3M nodes respectively. For the quality and trust
in computational flow calculations it is highly im-
portant that the numerical model should show grid
independency characteristics, meaning that the re-
sult for a chosen variable changes with the grid size
up to a certain number of nodes. Grid independency
is usually investigated using the Richardson extrap-
olation method. Results from the Richardson ex-
trapolation study are presented in Table 1. In the
present study the mesh with 6.4M nodes is used.
For details of the Richardson extrapolation method
we refer to Ferziger and Peric (2002) .

Table 1 Results from the Richardson extrapolation
where r is the ratio between indexed mesh sizes, Ta
the volume averaged temperature, p the order of the
solution, e the error and GCI the Grid Convergence
Index. Subscripts 4, 5 and 6 denote the mesh num-
ber and ext denotes extrapolated values. Mesh #4
corresponds to the 1.3M grid, mesh #5 the 6.4M
grid, and mesh #6 the 10.6M grid respectively.

r12 r32 Tamesh6 Tamesh5 Tamesh4
1.16 1.75 797.05 800.79 830.97
Taext Tapresent p e56 e56ext

791.94 791.46 2.92 0.47% 0.64%
GCI56ext − − − −

0.8% − − − −

4.2 Mesh

ANSYS ICEM CFD was used to create the meshes
for the simulations. The geometry is complex at the
inlet region, due to the inflow of burner gas and the
location of a so called kick-out designed to redi-
rect the flow in order to avoid inflow of gas into
the burner chamber (Westerberg et al. 2011). Due
to the complexity at the burner region the mesh is
generated by tetrahedrons with a bulk spacing of
approximately 90 mm and a near-wall spacing of
approximately 30 mm. The near-wall region is 20
elements thick. An expansion ratio of 1.3 for each
element is applied until the bulk spacing is reached.
The inlet and the outlet region have the same grid
size as the wall throughout the volume. The total
number of nodes is 1.8 · 106 and the same mesh is
used for the three different nozzle positions. The
mesh for the present study was adjusted in order to
reduce the number of elements with small angles
and a high aspect ratio in order to facilitate the con-
vergence of the solution. Figure 2 shows the mesh
close to the burner region in the reactor where it is
shown to have a well resolved mesh in order to cap-
ture the dynamics of the flow, particle transport and
evaporation of droplets.

The calculations have been performed on the re-
search groups own computer (parallel PC) cluster
comprising 300 nodes and 12 single 8-node com-
puters. Our ANSYS CFX licences cover full usage
of the cluster.

Fig. 2. The computational mesh near the burner
region of the regeneration reactor.

4.3 Boundary conditions

The burner is simulated as an inlet of hot air at
1040◦C where the gas is a mixture of air and 8.7%m
(mass percentage) water vapour, which corresponds
to the exhaust gas mixture. The mass flow is 0.77
kg/s. The outlet is modelled so that no gas can en-
ter the domain and has a zero pressure difference,
meaning the pressure is equal in the axial direction
(see Fig. 1) immediately before and after the outlet
opening considering a flow into the outlet which
we want to avoid. With a higher pressure on the
outside of the outlet entry, gas will enter the domain
this way. The walls are modelled as smooth with a
heat transfer coefficient of 0.6W/K/m2. Each re-
spective spray nozzle is modelled as a point source
and the injected particles are considered normally
distributed in size with a mean diameter of 370µm
and standard deviation of 100µm. A normal dis-
tribution is considered, since the exact size dis-
tribution is not known. Each particle consists of
49%m water and 51%m solids with densities of
958kg/m3 and 1600kg/m3, respectively. The solid
density is set so that the density of the waste acid is
1240kg/m3 . The initial temperature of the parti-
cles is 60◦C. The boundary condition used for the
particles as they collide with the reactor wall are
that the particles will bounce back with the same
angle as they hit the wall, and hence will not affect
the mass and energy balance in the reactor as they
collide with the wall.
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Heat transfer through radiation is not considered.
The reason for this is that radiation stands for less
than 10%m of the heat transfer. This result follows
from the expression of the heat transfer due to radi-
ation, given by

hr =
σbεm(T 4

1 −T 4
2 )

T1 −T2
, (11)

where T1 and T2 are the particle temperature and
surrounding region temperature respectively, σb
the Stefan-Bolzmann constant, and εm the surface
emissivity which can be approximated as unity.
The corresponding contribution due to convection
follows from the definition of the Nusselt number,
which when solving for hc results in

hc =
Nu · k f

L
, (12)

where k f the thermal conductivity of the fluid, and
L a characteristic length (here chosen as the reac-
tor diameter). In ANSYS CFX the Ranz Marshall
correlation (see Eq. 6) is used in the model for heat
transfer. The R-M correlation shows that the Nus-
selt number for a droplet following the continuous
phase streamlines is of the order of 2 since Rep and
the Pr are small. With a thermal conductivity of
the continuous phase (considered having the ther-
mal properties of air) of the order of 0.04 bar the
hr-hc ratio is of the order of 0.1, meaning the heat
transfer from radiation can be considered small and
thus can be disregarded in the model.

4.4 Validity of Model Simplifications

In the present model, a mixture of air and vapour is
used to represent the exhaust gas from the burners.
The estimation of the mass fraction vapour is cru-
cial since the specific heat of vapour significantly
differs from air and a low fraction of vapour would
imply that the droplets evaporate without boiling.
The mixture of N2, CO2 and O2 is of less impor-
tance since these gases have almost the same prop-
erties and can therefore be approximated as air with
the properties of an ideal gas. To model the energy
balances correctly, evaporation, heat loss through
the walls and chemical reactions have to be mod-
elled. The evaporation consumes the largest pro-
portion of energy and is modelled in these simula-
tions, as are the heat loss through the walls, which
are estimated by deriving the heat transfer coeffi-
cient to 0.6W/m2K.

The process chemistry is not considered in this
study, neither is the full particle formation process.
Instead, a simplified particle evaporation model has
been used where the particle consists of water and
a remaining solid fraction. A complete model of

the formation of iron oxide from iron chloride is
hence not present. The impact of these simplifi-
cations on the quality of the actual model is here
further discussed. Considering a droplet from the
injection into the reactor through the spray noz-
zles to the formed by-product, the droplet goes
through a set of different stages: The evaporation
process is generally divided between the evapora-
tion of excess water and that of chemically bound
water. The chemically bound water will split from
the iron chloride molecule at higher temperature
and with slower kinetics compared to the excess
water, which leads to a changed evaporation pro-
cess (Shiemann et al. 2012). This in turn may
have an impact on the dynamics in the reactor. The
particle motion can also be affected by the particle
formation process, where typically the particles are
formed as hollow spheres, leading to an increased
cross section and a decreased density (Shiemann
et al. 2012).

The present model without the process chemistry or
the full particle formation process described above
is considered as a first order solution of the flow dy-
namics as these two processes not alone dominate
the flow dynamics in the reactor. The flow in the
reactor is heavily steered by the swirl generated by
the four gas burners placed symmetrically around
the periphery of the reactor. The combustion of the
injected droplets will affect the dynamics inside the
reactor, mainly due to variations in the temperature
which in turn will induce buoyancy effects, and ul-
timately affect the particle pathway, since the buoy-
ancy effect mainly influences the vertical velocity.
Nevertheless, the velocity in the azimuth direction
is several orders of magnitude higher than the ver-
tical velocity. Overall it is important to remember
that the present study is a tool for understanding
the dynamics inside the reactor in order to build an
understanding of the regions inside the reactor that
are important for the regeneration process and how
the changed flow will affect the energy efficiency.
Taking this scenario as a base for the results, we
are convinced that the conclusions obtained with
the model simplifications presented above are in-
deed valuable, not least for the engineering science
community dealing with numerical modeling.

Another model simplification covers the reactor
walls which are considered smooth, while the walls
in the actual geometry are made of bricks and hence
have a rough surface. A possible approach would
be to include an artificial surface roughness, but
as the roughness is not known and assumably not
uniform in space and varies with time due to ero-
sion, we have chosen to model the walls as smooth.
Furthermore, it is likely that the roughness of the
wall will affect the physics in the near-wall re-
gion (with a characteristic length scale of the order
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of the roughness of the wall) in terms of vertical

behaviour and particle agglomeration. The effect

of the surface roughness on a more global scale

in terms of the overall flow dynamics is however

considered to be non-dominating, and as a conse-

quence, the first order approach treated in this study

comprises smooth walls.

5. RESULTS

In this section, results for the outlet temperature,

temperature distribution and vertical velocity dis-

tribution in the regeneration reactor, together with

the distribution of evaporated particles in the reac-

tor, are presented for the three different positions of

the spray nozzles. The four spray nozzles located

at the top of the reactor are placed symmetrically

along a circle centered on the center of the reactor.

The nozzle positions considered in this study are: r
= 0.5, 1.5 and 3 m, respectively.

5.1 Impact of Nozzle Position on Temperature
Distribution and Droplet Evaporation

In terms of the energy efficiency of the drying pro-

cess, the outlet temperature is a valid indicator. In

Table 2, results are presented for the outlet temper-

ature for three nozzle positions. It is shown that

almost identical results are obtained for nozzle po-

sition r = 0.5 m and r = 1.5 m respectively, while a

higher outlet temperature is derived when the spray

nozzles are located at r = 3 m. An explanation for

this result is that by placing the nozzles closer to the

wall the particles will evaporate in a limited region

close to the wall so that the temperature close to the

wall will be lower due to droplet evaporation and

cause cold air close to the wall to sink through the

process, which in turn reduces the heat loss through

the wall. For the scenario of a position close to

the center, the core region in the upper part will be

colder and cause cold air to sink in the inner region.

These effects and an overview of the temperature

and velocity distribution are seen in Figs. 3 and 4.

Fig. 3. Temperature distribution of the process for

the different simulated cases with nozzle position at

0.5 m, 1.5 m and 3 m from center.

Fig. 4. Vertical velocity distribution in the process

for the different nozzle positions, 0.5 m, 1.5 m and

3.0 m from the center.

Table 2 Results of the area averaged
temperature for the different nozzle positions.

Outlet temperature

Nozzle position r=0.5 m r=1.5 m r=3.0 m

Temperature [K] 525.6 527.4 547.2

When the nozzles are placed close to the wall (r =

3 m), droplets will accumulate in the near-wall re-

gion before they are fully evaporated; see Fig. 5.

This behaviour causes the temperature to be locally
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Fig. 5. Height position of fully evaporated par-
ticles. Each panel (diagram) represents different
nozzle positions (from top to bottom): r = 0.5 m,
r = 1.5 m and r = 3.0 m respectively. The y and
x axes show the fraction of particles and time un-
til fully evaporated and the grey scale indicates at
which height the particles are evaporated.

lowered, and consequently the time until full evap-
oration is extended; see Figs. 5 and 6. The sinking
cold air close to the wall (Fig. 4) will transport the
droplets down in the process so that the height when
the particles are fully evaporated will be lower than
the other nozzle positions (Fig. 5). By having the
nozzle close to the center (r = 0.5 m) it will take
longer for the particles to be transported and accu-
mulated close to the wall. Since particles will be
spread over a larger domain, the evaporation pro-
cess will be faster, but with the result that hot gas
from the burners will rise close to the wall. With
nozzles placed 1.5 m from center, the droplets will
be spread in a large volume and about 50% of them
will evaporate close to the wall (Fig. 6), damping
the rising of hot air close to the wall, and evapora-
tion of those particles will be faster than with the
other two nozzle positions. The height of evapora-
tion is almost the same for nozzle position r = 0.5 m
and r = 1.5 m but a slightly greater number of par-
ticles are transported further down in the process
compared to the case with nozzle position r = 0.5
m.

5.2 Velocity and Temperature Variation of the

Continuous Phase

From the results of the vertical velocity and tem-
perature distribution presented in Figs. 3 and 4, it
can be seen that these qualities are nearly constant
in the azimuth direction. In order to better quantify
the observed variation in the radial direction, the re-
spective quantity is plotted along lines 1 and 2; see
Figs. 1, 7, 8. In the near-wall region, 2 m below
the nozzle, the vertical velocity is close to zero for
nozzle position r = 0.5 m, while a negative veloc-
ity is observed for the other two positions. At the

Fig. 6. Radial position of fully evaporated par-
ticles. Each panel (diagram) represents different
nozzle positions (from top to bottom): r = 0.5 m,
r = 1.5 m and r = 3.0 m respectively. The y and
x axes show the fraction of particles and time until
fully evaporation, respectively, while the grey scale
indicates at which radial position the particles are
evaporated.

level 1 m above the burner, negative velocities are
only observed for nozzle position r = 3 m (Fig. 7).
In the center region, the velocities are positive for
nozzle position r = 1.5 m and r = 3.0 m, while the
velocity is negative for nozzle position r = 0.5 m for
both levels.
The impact of the nozzle position to the tempera-
ture distribution in the center region of the process
is relatively small for both levels. However a small
drop in temperature at the center with nozzle posi-
tion r = 0.5 m is derived (Fig. 8). Close to the walls,
the differences are larger where nozzle position r
= 3 m shows a lower temperature. The results of
the temperature and velocity distribution correlate
well; a negative velocity in Fig. 7 indicates a low
temperature, which is confirmed in Fig. 8.

6. DISCUSSION

The present study investigates the impact of the
spray nozzle position on the energy efficiency of
the regeneration process and the effect on the flow
in the reactor with respect to the quality of the pro-
cess by-product. The results in Figs. 5-8 show
that the velocity and temperature distribution are
strongly dependent on the nozzle position, and that
a change in nozzle position will most likely opti-
mize the process. The most energy-efficient posi-
tion is to have the nozzles closer to the wall since
this will cause particles to evaporate in a limited
region in the vicinity of the wall so that the gas
temperature in this region will be lower, and hence
the gas will sink through the process, reducing heat
loss through the wall. However, it is of importance
that the particles do not stick and sinter at the wall,
which can make flakes of Fe2O3 fall off the walls
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and thereby destroy the process. This effect can be

minimized by reducing the quantity of particles that

evaporate close to the wall.

Fig. 7. Vertical velocities along two lines, Line

1 and Line 2, perpendicular to the wall, 8.8 m and

11.0 m from bottom.

Fig. 8. Temperature along two lines, Line 1 and

Line 2, perpendicular to the wall, 8.8 m and 11.0 m

from bottom. Legends as in Fig. 7.

In order to produce good quality by-products it is

assumed that all particles should go through the

process with surroundings and exposure times that

are as equal possible. This pre-condition means a

narrow distribution in droplet evaporation position

and time, and the droplets should evaporate before

hitting the wall so that the risk of agglomeration at

the wall is minimized. Running the process with

nozzles at r = 0.5 m or r = 1.5 m indicates a pro-

duction of a by-product of better quality. Compar-

ing these two cases the results indicate that nozzle

position r = 1.5 m gives a more dispersed particle

evaporation time and positions compared to nozzle

position r = 0.5 m. Also, in order to avoid agglom-

eration at the wall for nozzle position r = 0.5 m,

only a small fraction of the droplets are transported

all the way to the wall before evaporation. Further-

more, in order to avoid particle agglomeration at the

wall, a significant smaller fraction of the droplets

are evaporated in the near wall region for nozzle

position r = 0.5 m compared to r = 1.5 m.

Another measure which could have direct impact

on the regeneration process efficiency is to keep the

walls from being heated to too high a temperature.

The wall temperature could be controlled by letting

the spray cool down the wall, which would reduce

heat loss through the wall and hence increase the

process efficiency. In Table 2 it is shown that the

case with a nozzle position at r = 3 m gives the

best efficiency which in turn leads to reduced fuel

consumption.

7. CONCLUDING REMARKS

In this work, the dynamics of a spray roasting pro-

cess where Fe2Cl3 is regenerated to HCl has been

modeled with a second order numerical scheme and

a two-way coupled Eulerian- Lagrangian approach.

The energy balances in the process are described

with evaporation of droplets and heat loss through

walls. Chemical reactions that appear in the pro-

cess are not described. Results indicate that if a

good quality by-product is of primary interest or to

reduce particle agglomeration at wall, a nozzle po-

sition at a radial distance of 0.5 m from the reactor

center line would be preferable. It is also shown

that in order to increase the efficiency of the pro-

cess, a prioritized nozzle position should be closer

to the wall since this will lower the near-wall tem-

perature and thus reduce heat loss.

The approach for future work is well outlined by

the inclusion of the process chemistry and particle

formation. Furthermore, future work is also to con-

sider experimentally visualizing and measuring the

in-flow. There are however several challenges con-

nected to such an operation due to the very hostile

environment inside the reactor.
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strength. The combustion process in a rotary kiln consists 
of a large flame which can in general be characterized, or 
rather idealized, as an axisymmetric, turbulent jet diffu-
sion flame, consisting of a jet of fuel issuing into a con-
centric confining cylinder with a surrounding uniform co-
flow of air. The necessary combustion (secondary) air must 
be entrained into the burner jet. This mixing of the fuel 
and air is the slowest step in the combustion process and 
hence affects the efficiency of the combustion. The rate 
of entrainment depends on the momentum ratio between 
the burner jet and secondary air; the higher the momen-
tum ratio, the faster the entrainment rate and consequently 
a faster fuel/air mixing.

The flame characteristics are strongly affected by the 
presence or absence of recirculation. Recirculation is 
important for the flame stability since the reversed flow 
recirculates hot combustion products back toward the 
flame, anchoring the ignition point, stabilizing the flame 
and improving the efficiency of the combustion. There are 
two types of recirculation in a confined jet; internal and 
external. External recirculation arises when the jet momen-
tum is high enough to entrain all secondary air. The excess 
momentum of the jet needs to be overcome; hence, com-
bustion products are pulled back into the flame, and exter-
nal recirculation occurs (Mullinger and Jenkins 2008). 
Internal recirculation arises either by swirl or behind a bluff 
body.

A reasonable amount of external recirculation indicates 
that the fuel/air mixing is complete, while the absence of 
recirculation indicates that not all necessary secondary air 
has been entrained, leading to incomplete combustion with 
an increased amount of emissions. The absence of external 
recirculation in a confined flame can also lead to an exces-
sive expansion of the flame, which destroys the product and 
the refractory walls (Mullinger and Jenkins 2008).

Abstract The jet mixing in a downscaled, isother-
mal model of a rotary kiln is investigated experimentally 
through simultaneous particle image velocimetry and pla-
nar laser-induced fluorescence measurements. The kiln is 
modeled as a cylinder with three inlets in one end, two sem-
icircular-shaped inlets for what is called the secondary fluid 
divided by a wall in between, called the back plate, where 
the burner nozzle is located. The scaling of the burner noz-
zle between real kiln and model and the corresponding jet 
flow through it is determined by the Craya–Curtet param-
eter. Three momentum flux ratios of the secondary fluid 
are investigated, and the interaction with the burner jet is 
scrutinized. It is found that the burner jet characteristics, its 
mixing with the secondary fluid and the resulting flow field 
surrounding the jet are dependent on the momentum flux 
ratio. A particular result is that stable shear layers give a 
more even mixing as compared to a case with shear layers 
subjected to a more prominent vortex shedding.

1 Introduction

A rotary kiln is a cylindrical-shaped, long, rotating oven 
with a burner in one end, and it is used in various indus-
trial processes to heat up material to high temperatures. 
The kiln of interest in this work is used in the iron ore 
pelletizing process to sinter the pellets to increase their 
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A number of theories for confined jets have been devel-
oped, making it possible to describe and define the prop-
erties and mixing characteristics of an enclosed diffusion 
flame. With aid of these theories, similarity or scaling 
parameters can be found which can be used to scale experi-
mental isothermal models of reacting flows and the mix-
ing in particular. The scaling parameter must be preserved 
between real plant and model, and this is obtained by cor-
recting for the variable densities in combusting systems by 
distorting the nozzle diameter relative to the duct diameter 
or the nozzle flow. This ensures that the momentum ratio of 
the co-flow relative to the jet in the model matches that of 
the reacting system (Mullinger and Jenkins 2008; Parham 
et al. 2005). The four most common scaling parameters 
are the Craya–Curtet (1958) parameter, the Thring–Newby 
(1953) parameter, the Becker (1961) throttle factor and the 
Curtet number (Becker et al. 1963).

All parameters are derived from the Navier–Stokes 
equations in conjunction with the continuity equation, and 
they all have their own ranges and limitations (Mullinger 
and Jenkins 2008). Deciding a suitable scaling parameter 
for the rotary kiln of interest in this work was not straight-
forward, mainly for the two reasons further explained 
below.

One underlying assumption of the scaling parameters is 
that the jet is issued into the confinement surrounded by an 
evenly distributed flow of ambient fluid. The kiln of inter-
est here differs greatly from this geometrical assumption. 
Instead of one common secondary air inlet, the second-
ary air in this kiln is introduced through two ducts with 
complex geometry separated by a wall where the burner 
is located, called the back plate. The back plate acts as a 
bluff body to the flow, causing vortex shedding and a wake 
behind it. The complex geometry of the air ducts in combi-
nation with the back plate makes the surrounding flow field 
deviated far from the evenly distributed assumption.

Another basic assumption is that the secondary air is 
introduced at a low velocity compared to the primary burner 
jet. Therefore, it can be regarded as a stream with negligi-
ble momentum which is wholly entrained by the primary 
jet before any recirculating gas is entrained. This is not 
true in this kiln since magnetite pelletizing plants usually 
require a larger amount of secondary air compared to other 
mineral-processing industries, since a sufficient amount of 
oxygen is needed in the flue gases for the oxidation of the 
pellets in the last stages of the grate (Burström et al. 2010). 
This leads to the fact that the secondary air stream has a 
significant momentum that cannot be neglected.

Having the limitations of the underlying assumptions in 
mind as well as the range of each parameter, initial estima-
tions and calculations lead to that the Craya–Curtet param-
eter was deemed the most suitable scaling parameter in this 
case. It is based on the assumption that the jet is a point 

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

where

and where u0 is the nozzle velocity, ua the secondary fluid 
velocity, !0 the density of the nozzle fluid, !a density of 
the secondary fluid, r0 the nozzle radius, L the furnace half 
width and k a jet-shape factor (equal to 1 for a round jet).

The Craya–Curtet parameter (m) is essentially the 
ratio between the nozzle jet momentum and the second-
ary air momentum and a measure of the dynamic mixing 
of the two streams. It varies between 0 and infinity, and 
it has been observed that it must lie above a critical value 
of m > 1.5 for external recirculation to take place (Moles 
et al. 1973). Short and intense flames have a higher Craya–
Curtet parameter, while flames with m between 1 and 2 are 
characterized as long flames. Flames with m < 1 tend to be 
long and lazy (Boateng 2008). In this work, the value of the 
Craya–Curtet parameter is 0.86.

The system in focus in this study can be seen as con-
fined coaxial jets. The features that distinguish this system 
from most systems studied in the literature are that there 
is a significant distance between the inner and outer jets 
due to the back plate and that the outer jet consists of two 
individual streams. Common is instead a circular inner jet 
directly surrounded by an annulus-shaped outer jet and 
where the downstream confinement is the larger radius of 
the annulus. For such a case, Dianat et al. (2006) obtained a 
good fit between LES and experiments performed by Lima 
and Palma (2002) for an inner to outer circular jet veloc-
ity ratio of about 0.31. In Khodadadi and Vlachos (1989), a 
similar geometry was studied, but focus was on separation 
at the wall downstream the jet for various Curtet numbers 
(0.64–2.17), confirming previous results that recirculation 
is restricted to Curtet numbers <0.85. Ahmed and Sharma 
(2000) studied jets with low annular-to-core area ratio in 
a non-separating confinement. The main result is that the 
mixing process is not only dependent on the velocity ratio, 
but also influenced by the interaction between the boundary 
layer, mixing layer and the main flow, especially for small 
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area ratios. In Borean et al. (1998), large core-to-annular 
velocities are studied. One result is that the jet expansion 
and the spanwise distribution of the longitudinal normal 
Reynolds stress are close to those observed in free jets for 
the cases when the annular velocity is nonzero. For zero 
annular velocity, confining walls hinders the natural spread 
of the jet. The walls are in this case rather far from the jets. 
The effect of confining walls was also studied by Deo et al. 
(2007) on a jet emanating from a rectangular slot nozzle. 
The two-dimensional region of the jet with sidewalls has a 
longer axial extension than that of the jet without sidewalls. 
It is also found that both the decay and spreading rates of 
the jet within the two-dimensional region are lower for the 
case with sidewalls. There are a few studies where the dis-
tance between the inner jet and the outer jet is relatively 
large. To exemplify, Mavridis et al. (1998) studied the flow 
around a two-dimensional square cylinder with and without 
a jet injection into the vortex formation region under iso-
thermal and reacting conditions. With jet injection, a vortex 
system was established behind the cylinder consisting of 
four counter-rotating vortices. The vortex street develop-
ment depended strongly on the injection ratio (jet-to-co-
flow velocity ratio), and the size of the vortices differed 
significantly between the isothermal and reacting cases.

Other examples are connected to bluff body burner 
flames where typically a jet is injected in the middle of a 
plate that is surrounded by an annulus where a secondary 
fluid is flowing. To exemplify, Schefer et al. (1996) found 
that if the blockage ratio (ratio of plate to outer annulus 
diameter squared) is 0.25, there is no influence from a con-
fining wall around the annulus, while at a blockage ratio 
of 0.83, the recirculation zone becomes more than twice 
as long and the flame stability is significantly increased. 
Another feature of these flames is a low-frequency motion 
of the axial location of the stagnation point, Honoré et al. 
(2000). So-called flashback has also been studied with 
simultaneous 10-kHz OH-PLIF and 20-kHz two-compo-
nent PIV; see Heeger et al. (2010). In conclusion, there are 
several studies on similar systems as the one studied here, 
but there are still significant differences.

There are two unique characteristics of the confined 
system of jets studied here that make it different from all 
confined systems mentioned above. First, the outer jet, 
or in other terms the co-flow, is not annulus shaped. It is 
instead divided into two parts since the plate used is nearly 
rectangular and its shorter edges stretch all the way to the 
outer diameter and even past it. Hence, there is no circum-
ferential symmetry. Second, the flow rate through each of 
the openings formed between the longer edges of the rec-
tangle and the outer diameter can be controlled separately. 
The result is an additional degree of freedom, making it 
interesting to reveal how a variation of the mass flow ratio 

between the two outer jets influences the inner jet and the 
overall flow in the downstream confined geometry.

The work presented in this paper is a part of an ongoing 
project focusing on a systematic study of the aerodynam-
ics of an iron ore grate–kiln pelletizing plant. The reason is 
that this is normally excluded in the literature today since 
focus is mainly set on combustion instead of kiln aerody-
namics, meaning that important flow features affecting the 
flame and combustion process can be missed. The idea is to 
start as simple as possible on a laboratory-scale model, pro-
ceeding step by step and validating the results before con-
tinuing toward a more realistic model. Several studies, both 
numerical and experimental, have been published and can 
be found in Burström et al. (2010), Larsson et al. (2011, 
2012a, b, 2015a, b) and Granström (2012). This study 
is a development of the previous ones and the first where 
the burner jet is incorporated in the model and the objec-
tive is to get a deeper understanding of the mixing process 
between the primary jet and the secondary fluid in the kiln 
when the momentum flux ratio between the secondary 
inlets is varied.

Experiments using particle image velocimetry (PIV) and 
planar laser-induced fluorescence (PLIF) simultaneously 
are performed on a simplified, downscaled model of the 
rotary kiln. Isothermal experiments of the flow in a geomet-
rically similar physical model of the real plant aid the vis-
ualization and understanding of the flow regime and fluid 
mechanics. It can also reveal important information about 
the dynamics of the flow field in general and the interaction 
of the streams in particular. It should though be noted that 
the scaling parameter is only valid in the nozzle plane for 
non-isothermal (combusting) jets, the results must there-
fore be corrected for temperature, and pressure effects to be 
applicable throughout the entire domain of the full-scale, 
real process (Mullinger and Jenkins 2008).

2  Method

The present model is a development of the model studied 
by Larsson et al. (2012a). It consists of a relatively simple 
downscaled model of the kiln with the main features built 
in PMMA (transparent plastic) to enable experiments with 
PIV and PLIF.

Both PIV and PLIF are versatile, non-intrusive, laser-
based methods used in many different applications, allow-
ing whole field measurements of fluid flows. PIV results in 
vector fields showing the flow motion, while PLIF results 
in scalar fields showing concentration, temperature or pH. 
Combining these two methods, in mixing experiments for 
instance, provides both the flow motions of the different 
streams and the concentration of one stream in the other; 
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hence, it is possible to determine how well the different 
streams mix with each other.

The kiln is modeled as a fixed horizontal cylinder of 
constant cross section (D = 100 mm) without the pel-
let bed, while the actual kiln is rotating with a velocity of 
about 1 rpm, is inclined with respect to the ground and 
has a minor diameter expansion. A schematic diagram of 
the experimental setup, including a detailed drawing of the 
geometry of the test section, can be seen in Fig. 1.

The back plate is centered with respect to y/D = 0 and 
its height is D/3; the burner is modeled with a nozzle with 
an inner diameter, Dj, of 1.5 mm, determined through scal-
ing with the Craya–Curtet parameter. With the present con-
figuration of the back plate, the blockage ratio, as defined 
in Schefer et al. (1996), is approximately 4

3! .
The cross sections of the kiln inlet ducts are approxi-

mated as semicircles, and hence the hydraulic diameter 
DH is defined as DH = 4Aduct/P, where Aduct is the cross-
sectional area of the semicircular duct and P is the wetted 
perimeter of the cross section. The top inlet duct has a 15! 
inclined section with a length of 2.4DH that ends in the 
kiln, while the bottom inlet duct is parallel to the kiln. To 
achieve a fully developed flow profile before entering the 
kiln, the length of the inlet ducts in the model is 4.0 m, or 
95DH. All results in Larsson et al. (2011) indicate that the 
flow is fully developed for the setup used in this study.

The chosen fluid for the physical model is water, allow-
ing the smaller scale of the model kiln. The flow through 
each duct is controlled by manual valves and monitored 
with magnetic flow meters (Krohne Optiflux DN50) to an 
accuracy of reading of 0.1 %. The temperature of the water 
in the setup is controlled to 23 ± 0.4 !C using a cooling 
system in the tank.

The flow through the nozzle is driven by a pressure ves-
sel since the relatively high velocity in combination with 
the small diameter of the nozzle made it quite challenging 
to find a suitable pump able to deliver the required pressure. 

This means that the flow rates and velocities in the noz-
zle are estimated by monitoring the pressure in the vessel 
and the mass of the water while timing the experiment. 
This was done repeatedly in order to be able to determine 
a mean Craya–Curtet parameter and check the sensitivity 
of the Craya–Curtet parameter to different flow param-
eters. The largest deviation of the Craya–Curtet parameter 
between two measurements under similar conditions was 
about 5 %, where the jet velocity differed about 1.5 %.

To start with, some initial ink visualization experiments 
recorded with a high speed camera were performed in prep-
aration for the upcoming laser experiments. The aim was 
to tune in the flow rates and jet velocities. Three different 
nozzle diameters were used in flow conditions ensuring 
that the chosen Craya–Curtet parameter was kept constant 
in all cases. It was also a good opportunity to get some 
insight into the challenges that might be encountered dur-
ing the experimental trial. The initial experiments resulted 
in the chosen nozzle diameter of 1.5 mm for the laser-based 
experiments due to the limited volume of the pressure ves-
sel. The jet nozzle consists of a contracting pipe with a total 
length of 37.5 mm where the first part has a diameter, Di, of 
4.5 mm and a length of 5.9Di, gradually contracting to the 
exit diameter of 1.5 mm. The final part of the nozzle has a 
length of 7.2Dj.

The PIV/PLIF system used is a commercially available 
system from Dantec Dynamics A/S. It consists of a Litron 
LDY 301-PIV laser, which is a double-pulsed Nd:YLF 
(527 nm) with a maximum repetition rate of 10 kHz. Sheet 
optics and mirrors produced a 1.5-mm-thick laser sheet 
and placed it in the desired location. Two 8-bit Nanosense 
MKIII MotionPro X3 Plus cameras with a spatial resolu-
tion of 1280 ! 1024 pixels per frame were mounted next to 
each other to record the flow. Nikon 50 mm f/1.8D lenses 
were mounted on each of the cameras, and the camera 
recording the PIV images was fitted with a bandpass filter, 
while the camera recording the PLIF images had a cutoff 
filter. The PIV camera was mounted perpendicular to the 
laser sheet, while the PLIF camera had a slight angle. To 
compensate for this and enable comparisons of the meas-
urement results in the same plane, a calibration was made 
using a target with known spacing. This calibration was 
then used to dewarp the images and make them overlap 
correctly.

The laser and the cameras are mounted on a traverse sys-
tem allowing them to be simultaneously repositioned up to 
600 mm in the x-, y-and z-directions. The tracer particles 
used for the PLIF are fluorescent Rhodamine 590 Cl, while 
the PIV particles used are hollow glass spheres, HGS-10, 
with a diameter of 10 µm from Dantec Dynamics.

A signal generator (BNC model 575 pulse/delay genera-
tor) controlled the triggering and timing of the lasers and 
cameras, and the entire system was controlled from a PC Fig. 1  Experimental setup and geometry
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installed with Dantec Dynamics software DynamicStudio 
where also the acquired images were saved.

The Reynolds number, Re, in the real full-size kiln is 
approximately 3.2 ! 105, based on its diameter. In the 
experiments, a reduced Re is used due to the limitation of 
the jet velocity, vjet, of the burner nozzle. This is not an 
issue though, since Re is still in the fully turbulent range 
and reduced Reynolds similarity holds for turbulent jets 
(Pope 2000). The primary jet has a Re j of approximately 
26,700 based on the nozzle diameter of 1.5 mm.

Three momentum flux ratios, Rtot, of the secondary flu-
ids are used in the experiment to investigate the effect on 
the burner jet behavior and mixing characteristics of the 
primary burner jet and the secondary fluid. To facilitate 
the comparison between the cases, the momentum flux in 
each secondary inlet is approximated with the mass flow 
squared, (ṁ1)

2 for the upper inlet and (ṁ2)
2 for the lower 

inlet. This is a simplification, but the only purpose is to 
conveniently describe the different mass flow distributions 
between the secondary fluid inlets. A momentum flux ratio 
of 1 corresponds to matched mass flow between the inlets, 
and increasing the ratio means that the mass flow distribu-
tion becomes uneven. Table 1 summarizes the flow param-
eters used in the experiment, v1 and v2 are the velocities of 
the upper and lower secondary fluid streams, respectively.

Images are taken with a frequency of 800 Hz during 
1 s, corresponding to a total of 800 image pairs for each 
recorded set. The relatively high recording frequency was 
chosen in order to resolve the vortex shedding process 
found in previous experiments on the same model without 
the burner jet incorporated (Larsson et al. 2012a, b). This 
shedding process has a frequency of about 12 Hz, and the 
possible interaction of the shed vortices with the burner jet 
is of interest in this work. The focus is on the region close 
to the back plate and the burner nozzle, and the area cov-
ered is about one kiln diameter, D, downstream.

Due to the large velocity differences between the burner 
jet and the secondary fluid, two recordings were made with 
different time interval, dt between the laser pulses, one with 
75 µs and one with 300 µs. This procedure was applied in 
an attempt to resolve the different flow regions originating 
from the wide velocity range.

The large velocity gradient in the primary jet makes it 
hard to capture it over the entire field of view. This implies 
that the same particle is not captured in both frames and 
the velocity has a strong bias toward zero in the region 

closest to the nozzle. This was seen both when dt = 75 µs 
and dt = 300 µs. A dt of 75 µs was chosen for the primary 
jet since it resulted in a minimum of spurious vectors in the 
far field of the jet. When focusing on the slower moving 
secondary fluid, the time between exposures was 1.25 ms 
(1/800 Hz). Hence, the correlation is done between the first 
frames of each succeeding laser double pulse, resulting in 
400 image pairs.

Due to reflections in the model walls, the raw PIV 
images were cropped at some distance from the walls 
to isolate useful data for the PIV processing. The images 
were then processed in DynamicStudio through dewarping 
to account for the slight angle of the cameras, background 
subtraction to remove noise and finally an image balancing 
to even out the light sheet intensity differences.

The preprocessed images were then exported, and the 
correlation was done in MATLAB using PIVLab. A multi-
pass scheme with decreasing window size and window off-
set was used to calculate the particle displacements, and the 
interrogation window size was 64 ! 64 pixels (first pass) 
decreasing to 32 ! 32 pixels (second pass) with adaptive 
window shift, both with an overlap of 50 %. For the pri-
mary jet, the interrogation window size was further reduced 
in a third pass to 16 ! 16 pixels to increase the spatial reso-
lution of the PIV vector field.

The cross-correlation was performed using the stand-
ard FFT algorithm with a three-point Gaussian peak fit to 
estimate the sub-pixel displacement. After the correlation, 
vector postprocessing was done by limiting the valid pixel 
displacement to !2 < x < 8 pixels in the main flow direc-
tion and !3 < y < 3 pixels in the radial direction before 
the data were exported as a .txt file.

Since the PLIF recording was done simultaneously with 
the PIV recording, 800 image pairs were also captured with 
the PLIF camera. The first frame of each pair was chosen 
for the PLIF analysis. The mean background image was 
subtracted to remove background noise, and to account for 
the non-uniformity of the laser sheet, intensity correction 
was applied to the raw PLIF image.

To ensure that the concentration of Rhodamine used in 
the experiment is within the linear response range, a cali-
bration was initially performed in a closed cylinder (with 
the same diameter as the kiln) placed next to the measur-
ing section using the same optical conditions as for the 
jet experiments. This made it possible to fully control the 
concentration level, which is necessary for the calibration 

Table 1  Flow parameters Craya–Curtet vjet (m/s) v1 (m/s) v2 (m/s) ṁ1 (kg/s) ṁ2 (kg/s) Rtot

0.86 17.73 0.47 0.47 1.08 1.08 1.00

17.80 0.57 0.38 1.30 0.87 2.26

17.85 0.68 0.30 1.54 0.68 5.44
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procedure. The calibration curve showed a linear relation-
ship; hence, the intensity of the emitted fluorescent light 
was proportional to the concentration within the concentra-
tion levels used in the experiments.

The experiments were performed in batches; hence, the 
concentration of the primary burner jet differed between 
the cases. To be able to compare them, the intensity of 
the PLIF images is scaled in the same way in all cases. 
An area, close to the nozzle where the jet still contains a 
large amount of pure jet fluid, is chosen for calculation of 
a mean value that is used as reference. The intensity in all 
pixels over the entire image is then divided by this refer-
ence intensity. Since the reference value is a mean, it does 
not correspond to the exact maximum intensity in the pic-
ture and hence the scale ranges from 0 to a value slightly 
higher than 1, where 1 should correspond to “pure” burner 
jet fluid. Since the absolute concentration of Rhodamine in 
the water was not of interest, only the comparison of differ-
ent cases, this procedure of processing the data is justified. 
The PLIF images are cropped a distance from the upper 
and lower wall to highlight the jet.

An estimation of the experimental uncertainties was per-
formed, and since the major error sources in a PLIF experi-
ment are mainly connected to the calibration process and 
non-uniformity of the laser sheet with temporal and spatial 
energy fluctuations (Melton and Lipp 2003), the focus was 
on the errors connected to the PIV measurements and the 
resulting velocity vectors.

A PIV experimental setup consists of several sub-sys-
tem, and hence there are several potential error sources. 
The overall measurement accuracy in PIV is a combination 
of a variety of aspects extending from the recording pro-
cess all the way to the methods of evaluation (Raffel et al. 
2007). A cornerstone in all experimental design is to rand-
omize the experimental procedure. By proper randomiza-
tion, the effects of extraneous factors that may be present 
have less impact on the result (Montgomery 2005). The 
measurement uncertainties consist of those due to system-
atic biased errors and random precision errors (or measure-
ment errors) (Coleman and Steele 1999).

The systematic error sources include things like refrac-
tion through the model walls, calibration of measurement 
equipment, and camera viewing angle and repositioning 
accuracy. These errors can be hard to detect since they 
always push the results in the same direction. A careful 
setup of the experiment where disturbances like the ones 
mentioned are avoided can help minimize the systematic 
error. It is though important to be aware of the equipment 
limitations and error sources, both hardware and software, 
to correctly account for the bias errors. The biased error 
associated with the scaling from pixels to meter is esti-
mated to be about 0.5 %.

The primary source of random errors in a PIV measure-
ment is the error introduced by the sub-pixel estimator in 
the cross-correlation. This error has been estimated to be 
10 % of the particle image diameter which is the diameter 
in pixels of the particle as seen through the camera (Bala-
kumar et al. 2009). The mean particle image diameter in the 
present case is about two pixels, and a typical displacement 
between image pairs is four pixels in the main flow direc-
tion. The estimated random error of the measured velocity 
vector in each interrogation area is therefore about 5 %. 
A repeatability test was also performed on three replicate 
measurements in three different positions. Following Cole-
man and Steele (1999) yields a maximum precision error of 
about 6 %. The random errors dominate over the systematic 
errors, and the total uncertainty in the measurement of the 
velocity is therefore about 6 %.

3  Results and discussion

The initial visualization experiments with ink showed good 
agreement between theory and experiment. Estimations 
based on data from the real process indicate a Craya–Curtet 
parameter of about 0.86, which implies a long, lazy flame 
without external recirculation. The same characteristics of 
the burner jet are seen in the experiment when the momen-
tum fluxes of the secondary fluids are matched. The Reyn-
olds number does not seem to affect the spreading of the jet 
as long as it is fully turbulent, agreeing with Pope (2000). 
Different diameters of the nozzle do not affect the flow 
field qualitatively as long as the Craya–Curtet parameter is 
kept constant between the different cases.

The flow field in the kiln is complex, and the mean flow 
is characterized by several shear layers. The inner shear 
layers are the dominating ones and form along the outer 
edges of the primary burner jet due to the high-velocity 
gradient adjacent to the co-flowing fluid. The outer shear 
layers develop due to the back plate separating the second-
ary fluid inlets. Due to the confinement, there are also shear 
layers close to the walls. A schematic diagram showing the 
shear layers developing in the kiln can be seen in Fig. 2.

Previous studies (Larsson et al. 2012a, b) have shown 
the dependence of the resulting flow field in the kiln on 
the momentum flux ratio of the secondary jets without the 
primary jet incorporated. When the momentum fluxes are 
matched, vortices are shed alternately from the upper and 
lower edges of the back plate and convect downstream the 
kiln in a coherent way. The frequency of this shedding pro-
cess is about 12 Hz, corresponding to a Strouhal number 
of 0.17 based on the height of the back plate. When the 
momentum flux ratio increases, the flow field seems to be 
stabilized as the dominant jet entrains the weaker one. It 
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appears as the vortex pertaining to the weaker jet is smaller, 
more anchored in the wake and does not shed as easily.

When the primary burner jet is introduced, the vortex 
shedding is not as distinct as it is without it. Mavridis et al. 
(1998) found that when increasing the jet-to-co-flow veloc-
ity ratio, there is an amplification of the jet interference 
with the vortex street, and for high ratios, the vortex shed-
ding is more or less suppressed. The instantaneous PLIF 
images show a significant difference in the appearance of 
the primary jet with increasing momentum flux ratio; see 
Fig. 3. The possible interaction of shed vortices with the 
burner jet will be discussed later in this section, when focus 
is set on the dynamic process of mixing.

All distances reported are non-dimensionalized with 
either the kiln diameter D, or the burner nozzle diameter 
Dj.

To start with, the self-similarity of the jet flow is investi-
gated. Since the concentration profiles downstream the kiln 
all collapse on the same curve when non-dimensionalized 
(see Fig. 4), it is concluded that the jet flow is self-similar. 
The results from the present work are compared to experi-
ments performed by Wygnanski and Fiedler (1969). The 
concentration is scaled with the maximum centerline con-
centration in each downstream position, Ccl, and the radius 
with the jet half width, r1/2 (the radius where the concentra-
tion is half the maximum value).

The jet spreading rate can be seen in Fig. 5 where the 
half width of the jet, r1/2, is plotted as a function of axial 
position for both the concentration and velocity fields. Due 
to the previously mentioned difficulties with capturing the 
velocity close to the burner nozzle, the PIV data start fur-
ther downstream.

The concentration data reveal that the jet spreading 
starts almost immediately after the nozzle exit. The core 
region is hence very short. The jet spreads linearly, both 

Fig. 2  Schematic diagram of the resulting shear layers in the kiln

Fig. 3  Instantaneous PLIF images. a Rtot = 1. b Rtot = 2.26. c 
Rtot = 5.44

Fig. 4  Concentration profiles downstream the kiln showing self-sim-
ilarity of the jet

Fig. 5  Spreading of the jet downstream the kiln
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the upper and the lower part, until a distance of about 30 
nozzle diameters downstream (x/Dj = 30). The lower 
line flattens out, while the upper part of the jet has a small 
curvature upward. This is seen in both the concentration 
and PIV data and is the same in all cases, regardless of 
momentum flux ratio of the secondary fluid. A possible 
explanation is that the slight angle of the incoming flow 
from the upper inlet duct leads to a low-velocity region 
developing downstream in the upper part of the kiln, and 
hence the burner jet is deflected toward this region. The 
flattening of the lower part of the jet can be explained by 
the emergence of a recirculation zone in the lower part 
of the kiln, which will be shown later in this section. The 
size of this region increases with increasing momentum 
flux ratio, and hence the lower spreading rate decreases 
more for Rtot = 5.44. The initially linear spreading of the 
jet agrees with the underlying assumption of the Craya–
Curtet scaling parameter.

In the self-similar region, r1/2 varies linearly with x so 
that

where S is the spreading rate and x0 is the virtual origin (Mi 
et al. 2001). Table 2 summarizes the parameters, the results 
from the present measurements are compared with results 
previously reported in the literature by Hussein et al. (1994) 
and Mistry and Dawson (2014). The virtual origin for the 
concentration is not considered since the PLIF images are 
not scaled with the inlet source concentration, instead they 
are scaled with the estimated inlet concentration from the 
mean PLIF image.

The entrainment process of the secondary fluid into the 
primary jet is qualitatively visualized through the stream-
lines of the mean flow. The corresponding mean burner jet 
is seen in the same plot; see Fig. 6.

When the momentum flux ratio of the secondary fluid 
is 1, the entrainment of fluid from each inlet by the pri-
mary jet appears mutual. When increasing the momentum 
flux ratio, the entrainment of the weaker jet is promoted 
due to the increased momentum ratio between the primary 
jet and the secondary fluid emerging from the lower inlet, 
resulting in higher shear between the streams. This is seen 
in the figure as an increased curvature of the streamlines 

(5)
r1/2(x)

Dj
= S

!

x ! x0

Dj

"

,

of the lower, weaker jet compared to the streamlines of 
the upper, stronger jet. An increased Rtot also leads to an 
external recirculation zone developing further downstream 

Table 2  Spreading rates Present study, x/Dj = 30 ! 50 Literature

Rtot = 1 Rtot = 2.26 Rtot = 5.44 Hussein (1994) Mistry (2014)

S x0/Dj S x0/Dj S x0/Dj S x0/Dj S x0/Dj

Velocity 0.124 4.96 0.134 6.30 0.114 !11.00 0.094 4 0.092 –

Concentration 0.083 – 0.091 – 0.076 – – – 0.118 –

Fig. 6  Streamlines of the mean flow obtained from the PIV measure-
ments. The mean PLIF image in red shows the burner jet. a Rtot = 1. 
b Rtot = 2.26. c Rtot = 5.44
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below the weaker secondary jet, and this recirculation zone 
is more prominent when Rtot = 5.44.

The external recirculation zone is not seen when the pri-
mary jet is absent (Larsson et al. 2012a); hence, it is con-
nected to the entrainment of the secondary fluid emerging 
from the lower inlet into the primary jet. By calculating a 
“local” Craya–Curtet parameter for each secondary fluid 
inlet, it is found that when increasing the momentum flux 
ratio, the Craya–Curtet parameter of the lower inlet is well 
above the critical value of 1.5 when external recirculation 
occurs.

The main focus of this work is to get a deeper under-
standing of the mixing process between the primary jet and 
the secondary fluid in the kiln when the momentum flux 
ratio between the secondary inlets is varied; hence, this is 
scrutinized further.

Figure 7 shows the mean PLIF image and the standard 
deviation of the concentration fluctuations. The contour 
plots give a qualitative overview, while the line plots quan-
titatively describe the images. The mean value shows a 
small difference between the cases with a slightly higher 
maximum mean value at x/Dj = 10 for Rtot = 1.

The standard deviation shows more distinct differences 
between the cases with significantly higher values, hence 

larger concentration fluctuations, for Rtot = 1. The inner 
shear layers are clearly visible in all cases. In the wake 
behind the back plate (x/Dj = 10), there are larger fluctua-
tions in the inner, lower shear layer compared to the upper, 
inner shear layer for all cases.

When Rtot = 1, the standard deviation is consistently 
higher in the inner, lower shear layer, while the opposite 
is seen when Rtot increases. An increased momentum flux 
ratio also implies an increased velocity ratio between sec-
ondary fluid emerging from the lower inlet and the burner 
jet. This results in a more stable inner, lower shear layer 
and hence less fluctuations.

As mentioned earlier, previous results (without the pri-
mary burner jet) have shown that the upper, outer shear 
layer has a stronger vortex shedding (compared to the lower 
one) when the momentum flux ratio is increased (Larsson 
et al. 2012a). This will affect the inner, upper shear layer 
when the primary burner jet is included and enhance the 
concentration fluctuations, leading to higher values of the 
standard deviation.

The inverse centerline decay can be seen in Fig. 8 for the 
concentration and in Fig. 9 for the velocity. As for previ-
ously reported PIV results for the primary jet, the data start 
at a point approximately x/Dj = 30 downstream the nozzle.

Fig. 7  Mean (c̄) PLIF image of the burner jet to the left and standard deviation (!c) of the intensity fluctuations to the right. Rtot = 1, 2.26, 5.44 
from top to bottom
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The wake region extends to about x/Dj = 25, and inside 
this region, the decay rate of the concentration does not 
change much. The case with Rtot = 1 shows a lower value of 
the concentration ratio compared to the other two cases, and 
this indicates less mixing in this region. After the wake region, 
there is a significant increase in the decay rate for all cases. 
For a self-preserving round jet, the decay of the mean velocity 
and concentration as a function of the distance from the nozzle 
is assumed to follow the relationship (Hussein et al. 1994)

(6)
U0

Ucl

=
x ! x0

BDj
,

where U0 and C0 are the nozzle exit velocity and concentra-
tion, and Ucl and Ccl the velocity and concentration along 
the centerline, where the jet centerline position is defined 
from the maximum values in each downstream position. 
B is the decay constant and x0 the virtual origin. Table 3 
summarizes the results from the present measurements and 
also includes results previously reported in the literature by 
Hussein et al. (1994) and Mistry and Dawson (2014). The 
high decay constants for the concentration are probably a 
result of a slight misalignment of the laser sheet with the 
small nozzle, and therefore the nozzle exit concentration, 
C0, is not correctly predicted. As mentioned earlier, C0, is 
instead estimated from the mean PLIF image, resulting in a 
smaller value and hence a too low decay rate.

For the velocity data, it is seen that Rtot = 1 has the 
smallest decay constant, indicating a better mixing further 
downstream compared to the cases with increased Rtot.

In Fig. 10, the standard deviation of the concentration 
and velocity divided by the mean concentration and veloc-
ity is plotted along the centerline.

A significant increase in fluctuations is seen for the 
concentration after the wake region when Rtot = 1 com-
pared to the other cases. This indicates less mixing in the 
region after the wake which is the exact opposite of the 
results from the analysis of the inverse centerline decay of 
concentration.

This contradiction can be explained by the fact that mix-
ing can be viewed in two scales, a macroscale and a micro-
scale. As described by Hjertager et al. (2003), macromixing 
means that there is no mixing on molecular scale, but fluid 
elements are well mixed on a large scale. Micromixing is 
complete mixing of species on molecular scale. The results 
indicate the presence of the vortex shedding process, 
though it is hard to detect a distinct shedding frequency, as 
discussed by Mavridis et al. (1998).

The shedding process breaks up the burner jet on a large 
scale, but the mixing, which takes place on a small scale, 
seems to be promoted by the more continuous shear lay-
ers arising when the entire flow field in the kiln is stabi-
lized. This since the mean value of the concentration along 
the centerline is almost the same for all cases, while the 

(7)
C0

Ccl

=
x ! x0

BDj
,

Fig. 8  Inverse centerline decay of concentration. Ccl is the mean con-
centration along the centerline

Fig. 9  Inverse centerline decay of velocity. Ucl is the mean velocity 
along the centerline

Table 3  Inverse centerline 
decay rates

Present study, x/Dj = 30 ! 50 Literature

Rtot = 1 Rtot = 2.26 Rtot = 5.44 Hussein (1994) Mistry (2014)

B x0/Dj B x0/Dj B x0/Dj B x0/Dj B x0/Dj

Velocity 4.25 !4.41 4.26 !3.59 5.10 !15.46 5.8 4 5.84 2.63

Concentration 25.19 !1.72 23.52 0.62 26.67 !3.3 – – 8.59 –
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standard deviation is significantly higher for the case with 
Rtot = 1.

The standard deviation of the velocity data does not 
show any significant difference between the cases (up to 
x/Dj ! 50). This is most likely due to the quite coarse res-
olution of the PIV data. The difference of the macromixing 
between the cases is though captured in the decay rates of 
the centerline velocity.

The PLIF results clearly show a sudden change at a dis-
tance of about 25Dj downstream for all cases, especially 
seen in Figs. 5 and 8. This is where the wake region behind 
the back plate ends and the burner jet goes from acting as a 
free jet to a confined jet in a co-flow, interacting more with 
the surrounding secondary fluid.

4  Conclusions

The jet mixing in a downscaled model of a rotary kiln was 
investigated experimentally through simultaneous PIV and 
PLIF measurements. The scaling of the nozzle diameter 
and the flow through it was done with the Craya–Curtet 
parameter which was estimated with data from the real pro-
cess during operation to a value of 0.86.

It is found that the results obtained using the scaling 
parameter agree well with the results derived from the 
theory. A Craya–Curtet parameter of 0.86 indicates a long 
and lazy flame, without external recirculation, which is also 
seen in the experiments. Three momentum flux ratios of the 
secondary fluids are investigated, and the interaction with 
the burner jet is scrutinized. The burner jet characteristics 
are affected by the momentum flux ratio, and it is seen 
that the entrainment of the secondary fluid emerging from 
the lower inlet into the burner jet is promoted when the 
momentum flux ratio is increased. An increased momentum 
flux ratio also leads to the development of an external recir-
culation zone downstream in the lower part of the kiln. This 

is predicted by calculating a “local” Craya–Curtet param-
eter for each secondary fluid inlet.

Due to the non-axisymmetric geometry of the kiln with 
the secondary fluid entering through separate inlets divided 
by the back plate, vortex shedding occurs and a wake devel-
ops. This implies that there are three-dimensional motions 
in the flow field, especially in the wake. The wake region 
is about the same length as the back plate height (D/3), 
and it is clearly seen in the experimental results as a point 
where there is a sudden change of the flow, especially when 
Rtot = 1.

The burner jet initially spreads linearly to about 25 noz-
zle diameters downstream, corresponding to the end of the 
wake. Toward the end of the images, it is seen that the jet 
is deflected upward. The same behavior is seen for all cases 
regardless of secondary fluid momentum flux ratio. A pos-
sible explanation is that the slight angle of the incoming 
secondary fluid from the upper inlet directs the flow down-
ward, generating a low-velocity region in the upper part 
downstream the kiln that the burner jet is drawn into.

Previous studies have shown that the vortex shedding 
process and the resulting large-scale oscillation of the 
flow field in the kiln increase the mixing of the secondary 
streams. However, the present study indicates the opposite 
trend when the burner jet is incorporated. The vortex shed-
ding breaks up the burner jet on a large scale, but interest-
ing enough the mixing with the secondary fluid, which 
takes place on a small scale, seems to be promoted by a 
more stable flow field with continuous shear layers.

Finally some words regarding the connection to a real 
kiln where the aim is a long, stable flame with an even tem-
perature profile resulting in a continuous sintering of the 
pellets throughout the entire length of the kiln. To be able 
to draw any conclusions about the flame characteristics 
from the isothermal model, the complexity of the geom-
etry needs to be increased to better model the real kiln. It 
is clear from the present study that the secondary fluid and 
the resulting flow field affect the burner jet and the mixing 
characteristics in the kiln.
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Abstract

In this study, the vortex interaction with a free jet is investigated using a model
which can be seen as a simplified burner with secondary air channels feeding the
combustion with oxygen. The vortical structures are created by a square cylinder
and a jet is introduced on its lee side. It is shown that the jet penetrates the wake
but is quickly flushed away by vortex shedding. Further, the vortex shedding
is shown together with how it affects the jet and introduces instabilities on the
surface of the free jet. These instabilities do not occur in the reference jet in
co-flow. The coherent structures are extracted from the results using Dynamic
Mode Decomposition (DMD).

Keywords: Bluff body, Jet, Large Eddy Simulations (LES), Dynamic Mode
Decomposition (DMD)

1. Introduction

In the production of iron ore pellets for the steel industry, crude ore from
the mine is processed in several steps to meet customer specifications. The iron
ore is initially crushed and ground to a fine powder. After a series of production
steps including magnetic separation, watering, filtering, and the addition of ad-
ditives and binders, balling drums or disks form small homogeneous spheres of
the mixture. The diameter of these ’balls’ is typically in the range of 12-14 mm.
After subsequent dewatering and heating stages which increase the strength of
the balls, firing takes place in a rotary kiln at 1250◦C where the balls are sintered
into pellets, forming desirable mechanical and metallurgical properties [1, 2].
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The heat in the rotary kiln is produced by its enclosed axisymmetric flame.
Here most of the combustion air is comprised of the secondary air induced
through the kiln hood, rather than the primary air through the burner. The com-
bustion is mainly controlled by turbulent diffusion mixing between the primary
and secondary air streams. Combustion efficiency is in turn dependent on the
mixing as this is the slowest step in the combustion process. This consequently
yields that the aerodynamics in the kiln are of vital importance for combustion
efficiency, heat transfer, and flame stability and shape, which in turn govern the
quality of the whole pelletization process [2]. Poor aerodynamics often arise in
the kiln as the burner is in many cases acquired separately from the kiln, meaning
the burner design not is synced with the kiln design which governs the secondary
air flow pattern [3].

Several different scaling parameters have been developed over time in order
to scale the real plant into a non-reactive model to make the design of a burner
system easier. The four most common scaling parameters are the Craya-Curtet
parameter (m) [4], the Thring-Newby parameter [5], the Becker throttle factor
[6] and the Curtet number [7]. All of these can be used in the design of the
burner in order to obtain a stable and efficient flame. There are however cases
where the aim of the secondary air is not only to feed the combustion with oxy-
gen, but where it also is important for the processing of the material inside the
kiln. In such cases m becomes low which in turn results in a long and lazy flame
[3] which is generally different to control. At the grate kiln considered in this
work there are further complications with a complex geometry of the secondary
channels. In order to stabilize the flame the burner is mounted on a backplate
which creates a recirculation zone. This backplate also introduces vortex shed-
ding, which could make the flame even more unstable further downstream, but
has a positive effect on the region close to the nozzle.

This work is a numerical continuation of the experimental work by Larsson et
al. [8] where a water model of a real plant was analyzed with combined PIV/PLIF
measurements. In that work the Craya-Curtet parameter was chosen to 0.86 in
order to represent the estimated value in the real kiln. Results in that work show
that an even flow between an upper and lower channel reduces the small-scale
mixing. A similar numerical study investigating the axisymmetric bluff-body
burner of non-reacting and reacting flow was performed by Dally et al. [9]. The
axisymmetry of that study however does not involve the strong disturbances as
shown to be present in the current study. The jet and free stream velocity in the
experiments by Dally et al. are 60 m/s and 20 m/s respectively, and these flow
conditions are classified as jet-dominant since the jet penetrates the recirculation
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Figure 1: Part of the mesh used for the combined case.

zone and propagates in a jet-like manner further downstream. In the present
study the same order of magnitude of the ratio between the jet and free stream
velocity is used, but with a larger cross-section making the free stream velocity
more dominant.

The aim of this study is to investigate how the vortex shedding interacts with
the burner in terms of centerline decay of velocity and concentration, and dy-
namical properties commonly reported in the field of free jets. To reduce the
complexity of the problem and to isolate the problem of how the vortices de-
velop from the kiln backplate and affect the mixing process of the burner and
secondary air, the geometry in this work is more generalized. The vortical struc-
tures are created by a square cylinder and the burnner is modeles as a jet mounted
on the cylinder lee side. This paper is along the lines of previous studies by Lyn
& Rodi [10] for the square cylinder, and Panchapakesa & Lumley [11]; Hussein
et al. [12] for the free jet. The case analyzed in Lyn & Rodi is modeled as in
their paper and compared with results from a LES workshop and presented in
the work by Rodi et al. [13]. For the jet on the other hand, the validation is
carried out in terms of scaled parameters according to self-similarity laws in the
same way as in the work by Bogey & Bailly [14]. To cast light on the effect of
vortex shedding, the jet in co-flow is simulated inside the same domain as the jet
disturbed by vortex shedding with the same ambient velocity.
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2. Method

In this section the numerical modeling is presented by means of governing
equations, geometry and mesh, boundary conditions, and Dynamic Mode De-
composition (DMD) to analyze the coherent structures in the flow. Large Eddy
Simulations (LES) have been used to model the flow.

2.1. Numerical setup
The flow is governed by the filtered Navier-Stokes equation which reads

∂ũ j

∂t
+ ũi

∂ũ j

∂xi
= −

1
ρ

∂p̃
∂x j

+ ν
∂2ũ j

∂xi∂xi
−
∂τr

i j

∂xi
. (1)

To close this equation a model for the residual stress tensor τr
i j is required. This

is done using the Smagorinsky model which uses the linear eddy-eddy viscosity
model

τr
i j = −2νT S̃ i j, (2)

where

S̃ i j =
1
2

(
∂ũi

∂x j
+
∂ũ j

∂xi

)
(3)

is the mean strain rate, and νT the eddy viscosity which is modeled as

νT = (Cs∆)2|S̃ |. (4)

Here ∆ is the cube root of the cell volume [15] and Cs the Smagorinsky constant.
The subgrid model finally reads

τr
i j = (Cs∆)2S̃ i j|S̃ |. (5)

Since the Smagorinsky model does not account for the reduction of length scales
near the wall, ∆ is multiplied with a van Driest damping function, 1−exp(−y+/A+),
to account for smaller length scales near the wall of the cylinder. Here A+ = 25
[16]. In order to distinguish between the jet fluid and the ambient fluid a scalar
transport equation is implemented. The scalar transport equation reads

c
∂t

+
uic
∂xi

=
1
∂xi

(
D
∂c
∂xi

)
, (6)

where c is the actual scalar and D the diffusion parameter. In this work diffusion
of any kind is ignored; the molecular diffusion can be assumed to be small com-
pared to the convective terms for the PLIF experiments in [8]. Contribution to
the diffusion from the sub-grid scales is ignored
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The Pressure-Implicit Slot-Operator (PISO) algorithm implemented in Open-
FOAM 2.2.2 has been used to solve the problem. The transient terms are solved
with the second order backward scheme and other terms using second order cen-
tral differencing. Instabilities from the second order convective terms are avoided
by keeping the maximum Courant number below 0.3. To ensure good initial
residuals, two pressure corrector steps are performed, each forming two smooth-
ing steps due to non-orthogonal elements. The convergence level was set at 10−7

for ui and p while the scalar convergence level was set to 10−10.

2.2. Geometry and mesh
The domain for the simulations is defined by the experiments in Lyn &

Rodi [10]. Based on the cylinder side length Ds = 0.04 m, the domain mea-
sures 34 × 14 × 9.8Ds with the cylinder placed 10Ds from the inlet and with
its centerline along the z-axis. The grid for the square cylinder has been pre-
pared by following the strategy described in Sohankar et al. [17], considering a
near wall spacing δ of 0.008Ds. Outside a stretching region of 2Ds the distribu-
tion was kept constant in each direction. The upstream spacing ∆u equals Ds/4
while the downstream spacing ∆u is Ds/5. A hyperbolic distribution was used
for stretching the cell sizes between δ and ∆d or ∆u, depending on the actual
location upstream or downstream. The spacing at the center part of the cylinder
(1Ds) is ∆s/10 and the outer sections have a spacing of Ds/4.

Here the free jet has been modeled with the same outer boundaries in the
same domain as the square cylinder, and not in the traditional way with a cylin-
drical domain as in [14] and [18], which would have simplified the meshing.
The cell size at the inlet is ∼D j/30. For the combined case the spacings from the
square and the jet case were combined and the resulting mesh as shown in Fig. 1.

2.3. Boundary conditions
At the jet inlet the velocity profile is specified as a hyperbolic tangent law as

u(r) =
1
2

U jet(1 + tanh((Re − r)/2δ?)), (7)

where Re is the jet exit radius, r the radial position, and δ? the momentum thick-
ness. In LES the inlet should contain some of the instantaneous velocity field,
not only the average velocity. These types of boundary conditions can be of a
random nature, but preferably with the right energy spectrum with a few har-
monics [18, 19]. In this case, where a converging nozzle has been used as jet
exit condition, the flow at the nozzle exit is almost laminar with a turbulence in-
tensity of only 0.1%. The flow at the nozzle exit was therefore modeled without
any fluctuations.
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2.4. Scaling
In the square cylinder case the coordinates are scaled with the diameter of

the cylinder using the traditional origin as the centre of the square, while the
velocity is scaled with the free stream velocity of 0.54 m/s. In the jet simulations
the stream-wise position is made dimensionless considering the scaling

χ =
x

D∗j
, (8)

where D∗j is the effective jet diameter (Eq. 10). Correspondingly for the axial
position:

η =
r

x − x0
. (9)

Here x0 is the virtual origin and r the radial position. The effective diameter D∗j
is defined as

D∗j =
2Me
√
πρ∞Je

, (10)

where Me is the mass flux given by

Me =

∫ d/2

0
2πρeUerdr. (11)

Je is the jet exit momentum flux given by

Je =

∫ d/2

0
2πρeU2

e rdr. (12)

The reader should note that in this work ρe = ρ∞, since the ambient and jet
fluids are both water. Also, the jet exit velocity profile is assumed to have a
momentum thickness of 0.01D j. Simulating the flow from a contracting nozzle,
this leads to a small correction of the diameter D∗j = 0.985D j. For the free jet,
two important relations are of interest with regard to the self-preserving free jet:
the centerline inverse decay and the linear growth of the half width respectively.
These relations read

uc

u j
= B

D∗j
x − x0

(13)

δ0.5 = Ax − x0, (14)

where A and B are constants, x0 the virtual origin and δ0.5 the half-width of the
velocity defined as u(x, δ0.5) = 1

2u(x, 0).

6



Figure 2: Validation of the DMD code. a) The decomposed and reconstructed image at t = 12.04
s. b) The constructed measurements at t = 12.04 s.

2.5. Dynamic Mode Decompostion (DMD)
In this paper, DMD is used to analyze the differences between the jet in

co-flow and the jet disturbed by vortex shedding. DMD is a method similar to
Proper Orthogonal Decomposition (POD) where time-resolved data from simu-
lations or measurements are decomposed into modes which can identify coherent
structures in the flow. Here the DMD method developed by Schmid [20] using
the Singular Value Decomposition (SVD) is applied. The input to the method
comprises n measurements of the variable v, stored in a matrix V as

Vn = [v1, v2, ..., vn] . (15)

Here vi can be measurements in the entire range from 1D to 3D, converted into
a vector. The time step ∆t must be constant over the entire sampling time. From
Vi the first and last n − 1 data sets are stored into the matrix Vn−1

1 and Vn
2 , with

the aim to represent the data of Vn
2 as a linear combination of Vn−1

1 . This can
be solved using the system of equation Vn−1

1 A = Vn
2 . By using SVD on Vn−1

1 =

UΣVH, S can be approximated as S̃ = UHVn−1
1 VΣ−1 by using the largest singular

values in Σ and the corresponding columns in U. VH is determined by S̃ and is
significantly smaller than S . By calculating the eigenvectors ve and eigenvalues
λ of S̃ , the dynamic modes can be calculated from

φ = veVn−1
1 . (16)
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Figure 3: Root mean square of the velocity fluctuations and the mean velocity along the center-
line of the wake. Comparison between experiments by Lyn et al. [10] (�=u, ◦=u′ and ×=v′) and
the present simulation (—-).Axial position has been non-dimensionalized with the the diameter
of the square and the velocities with the free stream velocity.

A specific time instance n can be reconstructed as

Ṽn =

p∑
i=1

φiλ
n
i di, (17)

where i are the modes from which the data should be reconstructed and d a
scaling parameter to get the right amplitude of the reconstructed data and can be
calculated by solving the least square problem φd = v1. Validation of the code
can be seen in Fig. 2 where a pattern has been created following the procedure
in [21], decomposed using the algorithm described in [20] and reconstructed
using Eq. 16 and Eq. 17. Sampling the data for the DMD analysis, the domain
is divided into two regions, one region being the core of the jet which is only
sampled during a limited time to capture the three-dimensional structures of the
Kelvin-Helmholtz instabilities forming at the shear layer of the jet. The sampling
region is (in units of the jet diameter D j) 4×2×2 and is sampled with 31×11×11
points with a frequency of 50 × 103 Hz for 0.1 s. The other sampled region is
used to catch the interaction between the jet and the vortices in the wake of the
square cylinder. The size is 2 × 1Ds (Ds being the cylinder side length) and is
sampled with 41 × 21 points during the entire simulation with a frequency of
5 × 103 Hz.
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3. Results and discussion

3.1. Validation of model
Before carrying out any simulating with the combined jet and square cylin-

der setup, a model was developed that could reproduce the results from each case
separately. The Smagorinsky model is used to calculate the subgrid scale contri-
bution to the turbulence, and different values of Cs (the Smagorinsky constant) in
the range between 0.01 and 0.2 were considered. In the literature a range of Cs

is reported since the constant is case-specific. For a square cylinder, 0.1 is often
used [17] while values between 0.13-0.17 are reported by Pope [22] depending
on turbulence levels and filters used. Ilyushin and Krasinsky [18] investigated
the effect of different Cs on the free jet and concluded that a high Cs elongates
the potential core. A value of 0.17 is recommended by the authors, but they also
point out that Cs is strongly dependent of the actual solver; Liu et al. [23] for
instance suggest Cs = 0.1. In the present study it was found that the model that
qualitatively fit the data best for both the jet and square cylinder was Cs = 0.12,
and results from these simulations are presented in the following sections.

3.1.1. Square cylinder
The LES workshop summarized by Rodi et al. [13] reported that the Strouhal

number St = f D/U and the root mean square of the fluctuations of the v-
component (from here on denoted v′) are relatively easy to capture, while the
recirculation length (lr), u′, and the time average u are harder. In Tab. 1 some
of the key parameters are reported and agreement compared to previous exper-
iments is good overall, even though the prediction of the recirculation length is
not satisfactory. However, this parameter is the hardest one to predict, as reported
by Rodi et al. [13] and Voke [24]. In both workshops the reported intervals of
lr straddle? the experimentally obtained value of lr, but most of the simulations
were quite far off. The strong deviation in CL′ between different experiments is
due to a big difference in turbulence intensity. The present results are well in line
with studies where a low turbulence intensity is reported; see Refs. [25, 26, 27].

Comparing the experimental results in the work by Lyn & Rodi [10] with the
simulations at the centerline of the jet presented in Fig. 3, good agreement with
u′ and v′ is seen. The quick recovery in velocity as reported by Rodi et al. [13] is
also present. The present results have been calculated using 18 shedding cycles
based on the lift force fluctuations.

3.1.2. Jet
The results for the centerline decay of the velocity and concentration in the

free jet are presented in Fig. 4a-b and overall show good agreement with ex-
9



Table 1: Comparison between numerical and experimental results in the literature. Re is the
Reynolds number, St the Strouhal number, CD the drag coefficient, CL′ and CD′ the root mean
square of the lift and drag coefficient respectively, and lr the recirculation length.

Results Re/103 St CD CL′ CD′ lr

Numerical

Present study 22 0.131 2.21 1.39 0.14 1.1
Sohankar et al. [17] 22 0.129-0.131 2.25-2.32 1.49-1.5 0.2-0.21 1-1.1

Rodi et al. [13] 22 0.066-0.14 1.66-2.77 0.38-1.79 0.1-0.27 0.89-2.96
Voke [24] 21.4 0.13-0.161 2.03-2.78 1.03-1.68 0.12-0.36 1.02-1.61

Experimental

Lyn et al. [10, 28] 21.4 0.13 2.1 - - 1.38
Cheng et al. [29] 22 - 2.0 0.5 - -

McLean et al. [25] 23 - - 1.3 - -
Vickery [26] 100 0.118 2.05 1.32 0.17 -

Lee [27] 176 0.122 2.04 1.23 0.23 -

perimental results. The concentration decay shows a slight shift in the stream-
wise direction which may be due to the lack of strong natural frequencies?? at
the end of the potential core in the present results. The results by Lubbers et
al. [30] indicate that the authors are able to capture this frequency while possibly
over-predicting the amplitude, since their maximum c′-value is 0.4. Quantita-
tive values are presented in Tab. 2 which shows relatively good agreement with
experiments and slightly better agreement compared to the numerical work by
Bogey & Bailly [14]. The core region of the jet is shorter than in the experi-
ments; this may be due to the choice of Cs = 0.12 which has been reported to
be higher for free jets, and when reducing Cs the core region becomes shorter
[18]. The cross-sectional results of the averaged velocity u and v, the compo-
nents of the turbulent kinetic energy u′u′, v′v′ and w′w′, and the shear stress u′v′

are shown in Fig. 5. The axial position is at 30D j, which is at the beginning of
the self-similar region. The results show good agreement with the experimental
results for most components, with the largest discrepancy being in the average
of the radial component (v) - especially in the outer region, which shows the en-
trainment of air into the jet. The results are reported for a position of 30D j, since
it is very time-consuming to obtain good statistics further downstream. Also, the
far downstream position is not of interest when comparing the jet in co-flow with
the jet mounted on the lee side of the square cylinder described later on in this
paper. At x = 30D j the free stream velocity is about half the centerline velocity
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Figure 4: Validation of the jet model. a) Centerline decay of the velocity. b) Centerline decay of
concentration. c) Fluctuations of the streamwise component of the velocity (upper values) and
fluctuations in the vertical direction (lower values). d) Fluctuations in concentration. Markers in
the figures denote previous numerical and experimental work according to: ◦ Lubber et al. [30]
(DNS), ∧ Dowling [31], 	Mi et al. [32], ⊕Mi et al. [33], × Hussein et al. [12], and — Present
work. The streamwise position is scaled with the effective jet diameter D∗j and the amplitude of
each measurement is scaled with either the centerline value, c and u, or the average inlet value
denoted by C0 or U0. Reported velocities are relative to the ambient air velocity.

and consequently the vortices in the free stream will significantly disturb the jet.
The simulations could have been run longer but the need for good statistics in
this region is quite low. If we recall that for the case of interest in this study, with
a jet mounted on the lee side of the square and with D j = 0.006 and Ds = 0.04,
which yields 30D j = 4.5DS - i.e. the location is hence far downstream compared
to a recirculation length of the order of 1DS . A comparison between the present
results of the free jet with numerical and experimental results in the literature is
shown in Tab. 2. The overall agreement is quite good for both the spreading rate
and the decay of centerline velocity. One can however suspect that the present re-
sults are evaluated too close to the jet and that the jet may not be fully developed.
But further downstream the statistics are not reliable enough, as can be seen in
Fig. 4c, where the fluctuations of u′ and v′ are quite significant. The agreement
between the present results and experiments in Fig. 5 also suggests that the jet is
close to being self-similar and therefore can be considered fully developed.
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Figure 5: Comparison time-averaged velocity and the Reynolds stresses across the jet with: ◦
LDA experiment by Hussein et al. [12] and � Hot wire experiment by Panchakapesan et. al [11],
— present work, position at x = 30D j.

Table 2: Comparison of the jet constants with numerical and experimental results in the literature.
Subscripts u and c denotes velocity and concentration respectively.

Author D Au Bu Bc
Present study 20-30 0.91 5.9 6.0

Bogey & Bailly LES [14] 50-70 0.087 6.4 —
Panchaoakesan [11] 30-150 0.096 6.06 —
Hussein et al. [12] 16-120 0.102 5.9 —

Dowling [34] 30-90 — — 5.11
Ebrahimi & Kleine [35] 0-80 — — 5.78

3.2. Jet and square cylinder
For the jet on the lee side of a square cylinder the jet in co-flow works as a

reference to highlight that the disturbances are in fact from the vortical structures
developed from the square cylinder, not only from the free stream. The results in
Fig. 7 (a) clearly shows that the jet on the lee side of the cylinder breaks through
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Figure 6: Comparison between the square jet and the jet in co-flow. a) Centerline decay of the ve-
locity. b) Centerline decay of concentration. c) Fluctuations of the streamwise component of the
velocity. d) Fluctuations in concentration. The markers in the figures denote previous numerical
and experimental studies according to: ◦ Lubber et al. [30] (DNS), ∧ Dowling [31], 	Mi et al.
[32], ⊕Mi et al. [33], × Hussein et al. [12]. Solid and dashed line: present work. The streamwise
position is scaled with the effective jet diameter D∗j and the amplitude of each measurement is
scaled with either the centerline value or the average inlet value. Reported velocities are relative
to the ambient air velocity.

the time-averaged wake which ends at approximately 0.5Ds, which in turn equals
about 3.3D j. But immediately after this position the jet is greatly affected by the
vortex shedding and decays quickly after a distance of 6 − 7D j. Notably, the
decay is far larger compared to the jet in co-flow and the same applies to the
scalar decay. One interesting result of the DNS solution by Lubbers et al. [30]
is the sudden step in concentration which is not present for their velocity decay.
The limited region of strong mixing may be due to oscillations arising from the
jet. In the present solution the strong gradients occur similarly to the DNS results
by Lubbers et al., meaning the decay of concentration in the present result has
some similarities with the DNS results. Naturally the vortex shedding can be held
responsible for the fluctuations, but it could also be the case that these large-scale
disturbances trigger some oscillations that occur in jets. Looking at the reference
case represented by the jet in co-flow, we see that it compares well with the free
jet with the exception of lower mixing, since the jet is transported down with the
ambient flow. To highlight the difference between the two different cases, the
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Figure 7: Comparison of the square jet (upper) and co-flow jet (lower) across the jet. Contour
levels between 0.1 and 0.9 in steps of 0.1.

cross-section average is presented in Fig. 7.
To investigate the reason for the sudden change in concentration fluctuation

(c′) the frequency spectrum of the two cases - jet in co-flow and jet mounted
on the lee side of a square cylinder respectively - is shown in Fig. 8. A clear
difference is illustrated: while the square cylinder has fairly high energy in the
low frequency region, with a peak at two times the shedding frequency of 1.7
Hz, there is no such peak for the jet in co-flow. For both cases the power is stable
up to 200 Hz with clear decay, indicating that the decay of the small scales is
independent of the large-scale flow structures. In Fig. 8 one can also see a small
peak at 100 − 200 Hz in the case of the square cylinder which is not present for
the free jet in co-flow. This frequency span correlates well with the commonly
reported jet Strouhal number (St j = f D j/U j) for the natural frequency, reported
to be in the range of 0.3-0.5 for free jets [36]. Details of this frequency span for
a point closer to the square are shown in Fig. 9. The peak in the power spectrum
of the jet is more prominent closer to the jet and it is shown to be in the regime
St j ≈ 0.3 − 0.4, while the second peak is at St j ≈ 0.7 which corresponds to the
first harmonic of the jet. These two peaks do not exist for the free jet in co-flow
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Figure 8: Comparison between the frequency spectrum of the scalar signal at (17D j, 0, 0). ◦ (red)
jet in co-flow and 5 (blue) jet mounted on the lee side of a square cylinder.

Figure 9: Power spectrum of c at position (4D j, 0, 0) for the case of the jet mounted on the lee
side of the square cylinder.

but the behavior of the spectrum is the same. For higher frequencies the energy
in each frequency span decays almost linearly at more or less the same rate.

From the results presented so far, it is clear that the shedding frequency has a
strong effect on the jet. The shedding frequency clearly appears in the frequency
spectrum of the concentration and the presence of a large dominant mode seems
to trigger the natural frequency of the jet. By applying the DMD algorithm to the
concentration field, these two modes can be extracted from the results in order
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Figure 10: Dynamic mode corresponding to the shedding frequency of 1.7 Hz with contours
evenly spaced between −0.15 and 0.15.

to see the structure. All the sampled data is used to do the analysis of the jet
core region. The sampling time-span from the wake of the jet is limited to three
full vortex shedding cycles based on the lift force coefficient of the square, and
just a limited number of the samples have a resulting frequency of 25 Hz. To
extract the DMD modes corresponding to the vortex shedding, the DMD modes
are sorted by the real part of their eigenvalues in order to only investigate the
stable modes. This can be done as the vortex shedding is quite stable and hence
the unstable modes can be disregarded. By reconstructing and plotting the most
stable modes, it was found that only one mode (with a frequency of 1.7 Hz) apart
from the mean mode made an evident contribution; this can be seen in Fig. 10.
The DMD analysis also shows that for the core region of the jet, one cannot
expect the modes to be as stable as for the vortex shedding, since the frequencies
belonging to the natural frequency of the jet are not forced by any boundary
conditions. It is hence likely that these frequencies may be somewhat different in
time and consequently unstable in time. The amplitude of the scaling parameter
d is used to determine the contribution from one mode, and based on results
presented in Fig. 11, we can conclude that there are some modes contributing to
the mean picture aligned along St j = 0. The reconstructed mode corresponding
to St j ≈ 0.35 is shown in Fig. 12; here the structures are aligned at the shear layer
of the free jet. By applying the DMD algorithm to the region close to the jet core,
a large number of frequencies occur. One of the strongest is shown in Fig. 12.
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Figure 11: The scaling parameter d plotted against the Strouhal number of the jet.

Figure 12: The reconstructed mode corresponding to St j = 0.32 in the center plane of the jet.
Contours vary between -0.4 and 0.4 with a level spacing of 0.04. The large structure to the right
has a concentration value of approximately 0.6.

4. Concluding remarks

This study investigates vortex shedding interaction with a burner jet in terms
of centerline decay of velocity and concentration. After careful validation of
turbulence models for two test cases in the form of a square cylinder and free
jet, the two models were combined. From the centerline values of a free jet
in co-flow and a free jet mounted on the lee side of a square cylinder, it was
found that there are some large contributions from the vortex shedding to the
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scalar transport. Further, indications are given that the large-scale fluctuations
can trigger the natural frequency of the jet since the jet in co-flow does not have
the same strong frequency. By extracting the structures in the flow belonging to
the natural frequency of the jet, it was found that that they have similar structures
as the Kelvin-Helmholtz instabilities naturally occurring in free jets.
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Abstract

In this work a simplified cold, small scale rotary kiln is modeled
numerically by scaling the real process with the Craya-Curtet parame-
ter. The model uses large eddy simulation (LES) to model the flow. A
tracer is used to investigate the mixing of burner fluid and secondary
air fluid. The channels supporting the burner with secondary air is
non-axisymmetric and the burner is mounted on a plate which previ-
ous studies has shown to create vortical structures that might increase
the flapping of the burner. Results shows that the backplate increases
the mixing close to the burner jet, but the vortices existing for the
case without burner are suppressed by the burner and the process
of air entrainment. If the Craya-Curtet parameter would be lowered
even more or if there are any large scale oscillations in the secondary
flows there might be an affect on the mixing process arising from large
oscillations in the secondary flow.

1 Introduction

Iron ore products are produced in the mining industry for various purposes
such as blast furnaces, direct reduction, services to the steel industry, cus-
tomized minerals for other industries, and mining products and technologies
[1]. LKAB (Loussavaara Kiirunavaara AB) located in the very north of Swe-
den is one of the world’s leading producers of iron ore products, and about
80% of their production consists of iron ore pellets (the reminder fines). Two
types of pellets are produced: Blast Furnace Pellets and Direct Reduction
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Pellets respectively. The LKAB magnetite pellets have a high iron content
of about 67% [1]. According to LKAB the steelwork productivity has due
to a balanced additive mix increased in combination with reduction of wear
and slag volumes.

In addition to the chemistry, physical composition and additives, the
production techniques of the pellets, and especially the last step of the pro-
duction comprising of drying, heating, oxidization and sintering is vital for
the quality of the final product ready to be shipped to the customers. The
final pellet is a round ball of 12-14 mm in diameter with a hard shell [2, 3].
The last production step is done in a rotary kiln where the heat is ideally
produced by an enclosed axi-symmetric flame from a coal burner. A majority
of the combustion air is comprised by the secondary air induced through the
kiln hood, rather than the primary air through the burner. The combustion
is mainly controlled by turbulent diffusion mixing between the primary- and
secondary air streams. The combustion efficiency is in turn dependent on the
mixing as this is the slowest step in the combustion process [4]. As concluded
by Larsson [3], the aerodynamics of the kiln is of specific importance for the
pelletization process as it is directly dependent on the combustion efficiency,
heat transfer, and flame stability and shape.

In this paper a scale model of a rotary kiln with a non axi-symmetric
burner region is investigated. Considering a scale model is motivated by the
fact that full scale experiments are very expensive, and performing full scale
numerical modeling of the combustion is both time consuming and highly
complex. In this paper the Craya-Curtet parameter has been used to scale
the full process to a cold small scale model and still maintain the dynamics
of the burner and secondary air. A schematic picture of the real plant can
be found in Fig. 1 in which the bends and curves of the secondary channels
are shown. The complexity of the secondary channels will produce a non-
isotropic flow in time and space. Having an upper- and lower channel instead
of one axi-symmetric flow will induce vortex shedding from the backplate,
which might interfere with the small scale mixing. The vortical structures
arising from the backplate has been investigated in the work by Larsson [3].
This type of design of rotary kilns is an example of a kiln which has a poor
design in terms of non even flow which is reported to be of high importance
[5] and makes the burner hard to control.

In the present study the interaction between the jet and the vortical struc-
tures are to be investigated in a confined flow with the same Craya-Curtet
parameter as in the experiments in [6], which showed that the Craya-Curtet
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Figure 1: The grate kiln plant. Courtsey of LKAB.

parameter - based on mean parameters of the flow - was able to predict the
onset of external recirculation zones for the uneven velocity distribution be-
tween the upper- and lower channel. However, the Craya-Curtet parameter
had to be modified to only account for the local mean parameters. The
present model is modified so that the vortical structures are created from a
square cylinder. The geometry is simplified to a square duct to reduce the
complexity of the mesh and to focus on the vortical structures interference
with the jet. It is not obvious how periodicities such as the ones captured in
video recordings of the flow can be implemented into the scale model, espe-
cially if there is no knowledge of the amplitude - which certainly is not known
prior to the build of a new process. In this paper the dominating structures
has been modeled by decreasing the Craya-Curtet parameter, which should
be viewed as a way to model the extreme value of a cycle with varying mass
flow through the secondary channels. It is more interesting to investigate the
low Craya-Curtet case compared to the high parameter value case, since in
the low Craya-Curtet case large structures will contain more energy and are
therefor more probable to impact the jet.

Experimental studies of the free jet have carefully performed to scrutinize
the physics of the jet [7, 8]. Even tough there are some disagreement between
the two experiments it is clear that the centerline velocity in the self similar
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region decays inversely with distance, and can be expressed as

Uj

U0(x)
=

Bd

x− x0
. (1)

Here Uj is the jet bulk velocity, U0(x) the mean centerline velocity, x0 the
so called virtual origin, B the decay rate, x the position downstream, and d
the diameter of the jet. The spreading rate B is fairly constant for different
experiments (see Table 2), but is sensitive to the confinement of the jet. The
virtual origin x0 is strongly dependent on the boundary conditions at the jet
exit; for laminar and subsonic conditions x0 ≈ 4Dj [7].

2 Method

In this section the numerical modeling is presented by means of governing
equations, geometry and mesh, and boundary conditions. Large Eddy Sim-
ulations (LES) have been used to model the flow.

2.1 Numerical setup

The flow is governed by the filtered Navier-Stokes equation

∂ũj
∂t

+ ũi
∂ũj
∂xi

= −1

ρ

∂p̃

∂xj
+ ν

∂2ũj
∂xi∂xi

−
∂τ rij
∂xi

. (2)

To close this equation a model for the residual stress tensor τ rij is required.
This is done using the Smagorinsky model which uses the linear eddy-eddy
viscosity model

τ rij = −2νT S̃ij, (3)

where S̃ij =
1

2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
is the mean strain rate, and νT the eddy vis-

cosity which is modeled as

νT = (CS∆)2|S̃|. (4)

Here ∆ is the cube root of the cell volume [9] and CS the Smagorinsky
constant. The subgrid model finally reads

τ rij = (CS∆)2S̃ij|S̃|. (5)
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Since the Smagorinsky model not account for the reduction of length scales
near the wall, ∆ is multiplied with a van Driest damping function (1 −
exp(−y+/A+)) to account for smaller length scales near the wall of the cylin-
der. Here A+ = 25 [10]. In order to distinguish between the jet fluid and
the ambient fluid a scalar transport equation is implemented. The scalar
transport equation reads

∂c

∂t
+
∂uic

∂xi
=

1

∂xi

(
D
∂c

∂xi

)
, (6)

where c is the actual scalar and D the diffusion parameter. In this work
diffusion of any kind is neglected; the molecular diffusion can be assumed
to be small compared to the convective terms for the PLIF experiments in
[6]. Contribution to the diffusion from the subgrid scales are neglected which
might lead to a slight underestimation of the mixing.

The Pressure-Implicit Slot-Operator (PISO) algorithm implemented in
OpenFOAM 2.2.2 has been used to solve the problem. The transient terms
are solved with the second order backward scheme and other terms using sec-
ond order central differencing. Instabilities from the second order convective
terms are avoided by keeping the max Courant number below 0.3. To ensure
low initial residuals two pressure corrector steps are performed each doing
two smoothing steps due to non-orthogonal elements. The convergence level
was set at 10−7 for ui and p while the scalar transport convergence level was
set to 10−10.

2.2 Scaling

In order to scale the full scale burner to a small scale burner, the Craya-
Curtet parameter (m) is used in this work. It is defined as [11]

m = −3

2
R2 +R + k

(
L

r0

)2

R2, (7)

where

R =
q

Q
(8)

q = πr20ρ0(u0 − ua) (9)

Q = πL2ρaua + πr20ρ0(u0 − ua). (10)
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Here u is the velocity, ρ the density, L the characteristic half width, r the
radius, k a shape factor equal to 1 for round jets and subscript 0 and a
denoting variables at the burner or ambient air respectively. The first term
in Eq. (10) is the mass flow which is corrected to account for the area of
the square duct. The wetted perimeter is used as the characteristic length
L. The condition for the onset of external recirculation zones is m > 1.5.
The parameter m should not be confused with the Craya-Curtet number Ct,
related to m as m = 1/Ct

2.

2.3 Geometry and mesh

The edge side of the square duct (DD) is 0.1 m and the square cylinder edge
length Ds equals DD/3. The diameter of the jet Dj is 6 ∗ 10−3 m. The
total length is 13.6DD and the jet inlet is placed 4.1DD from the inlet at the
origin, and the square is placed along the z-axis. The mesh is structured with
a grid-blocking technique used for resolving the jet inlet with an inner square
of 25×25 nodes and the outer blocking with 10 nodes. This block is extruded
in the same way to the outlet with a small expansion the first 14DD. The
number of nodes on the outer walls are 372× 68× 85 resulting in a total of
2.4× 106 nodes. At the wall and cylinder the first node spacing corresponds
to y+ ≈ 1 and y+ ≈ 20. It would be preferable to press down y+ close to
the cylinder to 1 but this would either create high aspect ratio elements in
the shear layer, or if choosing an o-grid technique around the cylinder the
time step had to be decreased severely since this would also reduce the mesh-
spacing in the stream-wise direction in the jet and consequently influence the
Courant number. The quality of the mesh is overall good with a minimum
angle of 42◦ and the maximum aspect ratio of less than 150 close to the walls.
Overall the mesh has been built with smooth transitions between the blocks.

2.4 Boundary conditions

The inlet is modeled as a plug profile with some random fluctuations cor-
responding to a turbulence intensity of 2%. The jet inlet representing the
burner has been modeled using a laminar velocity profile defined by

u(r) =
1

2
Ujet(1 + tanh((Re − r)/2δ?)). (11)

This equation for the inlet velocity does not account for the discrete points
of the mesh points to get the correct area averaged velocity. The flow though
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the jet inlet was probed and the maximum velocity was corrected until the
right area averaged velocity was achieved. The averaged velocity is 4.55 m/s
for both cases. The plug profile of the inlet velocity is 0.215 m/s for the
high Craya-Curtet case and 0.27 m/s for the corresponding low parameter
case. The values of the Craya-Curtet parameter are 0.55 and 0.86 for each
case respectively. The different Reynolds numbers are ReJ = 27.8 × 103,
ReC H = 10.9 × 103 and ReC L = 13.7 × 103. Here ReJ is based on the
bulk velocity and the diameter of the jet, while ReC is based on the square
cylinder height and the mean velocity over the cylinder. Subscripts H and
L are for low and high Craya-Curtet respectively. All the walls are modeled
with a no slip condition and the van Driest damping coefficient is used close
to these boundaries in order to account for the reduction of length scales
close to the boundaries.

3 Results and discussion

In this section some of the validation is shown and discussed together with
results from the present study.

3.1 Validation of model

The square cylinder and the free jet have both been validated thoroughly in
the work by Johansson & Westerberg [4]. Some of the results are presented
here as well; see Tabs. 3 and 2. The square cylinder case is modeled as the
experimental setup described by Lyn & Rodi [12] following the procedure
described in the work by Sohankar et al. [13]. The free jet is analyzed in a
self-similar way compared with the experimental results by Panchapakesan &
Lumley [8], Hussein et al. [7] and the numerical work by Bogey and Bailly [14].
The overall prediction of the square cylinder is rather good but the averaged
wake length is not predicted accurately; this has been proven before to be
hard to obtain which can be seen in the spread of the numerical results in
Tab. 3.

The results of the jet agrees fairly well with the experiments and the
numerical work by Bogey & Bailly 2009 [14]. The mixing is slightly under-
predicted which is in line with the neglected turbulent diffusivity. In the
more careful validation performed by Johansson & Westerberg 2015 [4] the
turbulent components are shown to follow the measurements well.
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Table 1: Comparison between numerical- and experimental results in the
literature. Re is the Reynolds number, St the Strouhal number, CD the drag
coefficient, CL′ and CD′ the root mean square of the lift- and drag coefficient
respectively, and lr the recirculation length.

First author Re/103 St CD CL′ CD′ lr
Numerical

Present study 22 0.131 2.21 1.39 0.14 1.1
Sohankar [13] 22 0.129-0.131 2.25-2.32 1.49-1.5 0.2-0.21 1-1.1
Rodi [15] 22 0.066-0.14 1.66-2.77 0.38-1.79 0.1-0.27 0.89-2.96
Voke [16] 21.4 0.13-0.161 2.03-2.78 1.03-1.68 0.12-0.36 1.02-1.61

Experimental
Lyn [12, 17] 21.4 0.13 2.1 - - 1.38
Lee [18] 176 0.122 2.04 1.23 0.23 -

Table 2: Comparison of the jet constants with numerical- and experimental
results in the literature. Subscripts u and c denotes velocity and concentra-
tion respectively.

First author x/Dj Au Bu Bc

Johansson [4] 20-30 0.91 5.9 6.0
BogeyLES [14] 50-70 0.087 6.4 —
Panchaoakesan [8] 30-150 0.096 6.06 —
Hussein [7] 16-120 0.102 5.9 —
Dowling [19] 30-90 — — 5.11
Ebrahimi [20] 0-80 — — 5.78
Johansson [4] (co-flow) 10-25 — 5.7 7.1
Present
High Craya-Curtet 10-25 — 4.7 4.5
High Craya-Curtet 30-50 — 4.0 5.4
Low Craya-Curtet 10-25 — 4.5 4.5
Low Craya-Curtet 30-50 — 2.6 3.9

3.2 Kiln model

Experimental and numerical work shows that the Strouhal number (St =
fD/U) is constant over a large range of Reynolds numbers and that it in-
creases when the square is confined. The authors has not found any relation
for the Strouhal number dependency of the confinement and most studies
of confined bluff body flows concern laminar flow up to Re = 300. In the
present model of the kiln, initial simulations are run to get a fully developed
vortex shedding over a confined square. Before going into the details of how
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Figure 2: Lift coefficient data used to determine the shedding frequency. - -
Low and – High.

Table 3: Consistency of the dimensionless parameters as in Tab. 3 for the
two cases. For the confined square cylinder alone.

Case Re St CD C ′
D CL C ′

L

Low 10900 0.16 3.27 0.14 0.01 0.7
High 13700 0.17 3.23 0.12 0.08 0.7
Free square [18] 176400 0.122 2.04 - - -
Free square [12, 17] 22400 0.13 2.1 0.23 - 1.23

these fluctuations affect the jet, an analysis of how the square cylinder alone
reacts on the different Reynolds numbers is performed. From Tab. 3 it is
clearly seen that the the variation between the two cases is small.

Comparing the two cases with different amplitude of the Craya-Curtet
parameter, and proving that the chosen method of using a lower value in
order to introduce disturbances in the flow, the lift force coefficient of the
two cases is shown in Fig. 3. It is clearly shown that the lower Craya-Curtet
case gives a larger amplitude while the fluctuations of the low frequency
dominates in amplitude compared to higher frequency oscillations introduced
by the jet. For the higher Craya-Curtet case the low frequency oscillations
are damped out and the high frequency oscillations are almost at the same
amplitude.

The mixing in terms of centerline decay of the concentration is identical
between the two cases up to a distance of ≈ 32Dj where there is a sudden
change at 30Dj; see Fig. 4. By comparing the results in the present study
with the results for the free jet in co-flow presented in Johansson & Wester-
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Figure 3: Lift coefficient for the square with the jet at the lee side. - - High
and – Low,

berg [4], it can be seen that the fluctuations arising from the square cylinder
present in both cases in the present study, strongly enhance the mixing. In
Tab. 2 the linear fit to Eq. (1) for the centerline decay of relative velocity
and concentration is presented. It is obvious that there is a huge difference
in mixing behavior between the two cases after 30Dj: while the high Craya-
Curtet case has the supposed behavior of the concentration decay with the
highest (and consequently low value of B) mixing close to the jet, the mixing
is lower further downstream where the convection of the free stream start to
play a significant role. This is also seen for the co-flow in [4]. For the low
Craya-Curtet case however, the mixing rate increases further downstream
which might be due to persistent large scale fluctuations in this region.

Comparing the relative centerline decay of the velocity u as presented in
Fig. 4, with the corresponding decay for the concentration (Fig. 5) reveal a
similar trend with a clear difference between the low- and high Craya-Curtet
case after 32Dj. Up to that point both cases show identical behavior. The
high Craya-Curet case and the jet in co-flow have similar characteristics with
the difference that the confined flow decays more rapidly. The reason for this
can be explained by the property that the higher Craya-Curtet case has less
fluid transported over the square cylinder and a much larger ratio of this
fluid is needed for the entrainment of the jet [5]. The vortex roll up process
is then disrupted by the entrainment into the jet.
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Figure 4: Centerline decay of velocity. - - High and – Low ·· Jet In coflow
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Figure 5: Centerline decay of relative velocity. - - High and – Low ·· Jet In
coflow Johansson et al.[4]

The root mean square of the concentration (c′) presented in Fig. 6 in-
dicates that there are more fluctuations in the low Craya-Curet case in the
region where the two cases of low and high Craya-Curtet deviated from each
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other. A comparison with numerous experimental results in Fig. 6 shows that
the fluctuations are over-predicted overall and even though the experiments
are from significantly different types of jets they do all fall into approximately
the same range. The DNS simulation by Lubbers et al. [21] over-predicts the
fluctuations where the decay starts but then predicts the fluctuations fairly
well. The over-prediction of the fluctuations in the present simulations might
be due to neglecting the turbulent mixing, which in turn is a result from the
use of sub grid scales.
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Figure 6: Fluctuations of concentration along the centerline. - - High Craya-
Curtet, – Low Craya-Curtet, ·· DNS Lubbers et al. [21], � Birch et al. [23],
◦ Larsson et al. [6], O Lockwood et al. [24],

From the present results it appears that the large scale structures has no
affect on the mixing in the near region of the jet. Further downstream there
is a sudden change between the two cases which might be due to oscillations
in the flow, but it can also be due to the scaling parameter itself. In order
to investigate the possible presence of large scale coherent structures, the
FFT spectrum of the points along the centerline has been compared between
the two cases of low- and high Craya-Curtet respectively. With no significant
difference in pattern neither close to the burner or at a far distance, it appears
that the large scale flow structures that the lift force indicates existing for
the low Craya-Curtet case, are destroyed. Some of its energy can be reduced
in the interaction and brake up of the boundary layer along the wall [25].
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These results indicates that the vortex shedding process that exists in cold
scale models [3], not likely have any significant effect on the stability of the
jet or its mixing at the actual Craya-Curtet parameter of 0.86. If there are
any large scale fluctuations in the volume flux through the upper or lower
channels which might lead to a reduction of the local Craya-Curet parameter,
there might be a risk for the structures evolving from the vortex shedding to
interact with the jet far downstream.

In the present results there are no indications that there are any significant
changes in the average mixing at the end of the wake D/3 as experiments
shows [6]. However in that study D/3 ≈ 25Dj which fairly well agrees
with the sudden change that is seen in the present study at 32Dj when the
secondary flows are more dominating. Further analysis and probably some
more simulations has to be done to confirm this.

4 Concluding remarks

In this paper a small scale cold model of a non-axisymmetric burner region of
a rotary kiln has been modeled with a Craya-Curtet parameter equal to 0.86.
The main objective is to investigate if the vortex shedding appearing in a cold
model without burner interacts with the burner. It was found that under the
present Craya-Curtet parameter the jet is strong enough to suppress most
of the vortex shedding and that the burner has the same characteristics as a
free jet, but the added fluctuations from the backplate increases the mixing
rate. Still the concentration is fairly linear. If there are any large scale
fluctuations in the volume flux there might be some effect on the burner
with a much faster mixing rate far downstream.
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