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Abstract

This work deals with numerical simulations of annular jets, with particular emphasis on
high blockage ratio jets. Annular jets are of practical interest because of their axisymmetric
geometry and their strong recirculating flow due to flow separation. When combustion is
included, recirculation guarantees high levels of mixing, leading to stable flames and re-
duced pollutants emission.

The investigation is performed using numerical simulations, as annular jets at high block-
age ratios have never been studied numerically before. Moreover, neither three-dimensional
simulations nor unsteady simulations have ever been performed before on annular jets, the
nature of which can be characterized by intense mixing, recirculation and vortex shedding.
Therefore, the results of this work serve as a theoretical basis for the design of high block-
age/high recirculation axisymmetric bluff body gas burners.

The technique used for the simulations is the solution of the steady and unsteady Reynolds
Averaged Navier-Stokes (RANS) equations with the flow solver CFX-TASCflow. The axi-
symmetric steady simulations at several blockage ratios show that the predictions of the re-
circulation zone length is accurate at low blockage ratios. In the high blockage ratio range
the simulations are inaccurate, as the flow is asymmetric. The velocity fluctuations obtained
with a Reynolds Stress model are significantly below the measured fluctuations.

Flow asymmetry at the high blockage ratio is observed with LDA measurements and three-
dimensional steady simulations. The asymmetry develops after the jet nozzle and is charac-
terized by a preferential direction from one part of the annular jet to the other. The stagna-
tion point is dislocated and shifted from the symmetry axis. Asymmetric flows coming out
from symmetric geometries and boundary conditions has been already investigated by other
researchers and are possible solutions of the non-linear problem expressed by the Navier-
Stokes equations.

The unsteady RANS simulations are generally able to capture the large vortex dynamics
and the associated velocity fluctuations. So, the total fluctuations can be computed from the
coherent or deterministic (large eddy) fluctuations and the modelled (small eddy) fluctua-
tions. Our three-dimensional unsteady simulations of the high blockage annular jet are per-
formed using different approaches for the modeled velocity fluctuations. The approach with
the Standard k-ε model shows damping of the coherent fluctuations, due to the excessive
dissipation introduced by the turbulent viscosity. Instead, the no-model approach and the
approach with a Reynolds Stress model present stable velocity oscillations.



The time averaged solution of the three-dimensional unsteady simulations is asymmetric,
with the same features obtained in the three-dimensional steady simulations. This indicates
that the asymmetry persists also if large vortex fluctuations are introduced.

When compared to the experimental results, both the no-model approach and the approach
with a Reynolds Stress model show good agreement for the velocity fluctuations. The two
approaches result in more accurate values of the fluctuations than a steady computation,
which ignores the large scale unsteadiness of the flow. So, the contribution of the coherent
fluctuations is crucial. Moreover, both approaches reveal an oscillation frequency which is
of the same order of magnitude of the frequency previously measured in the combusting
flow. This frequency is associated to the periodic movement of large vortex structures, e.g.,
vortex shedding and convection.

In general, there is no superior performance of the approach with the Reynolds Stress model
when compared to the no-model approach. This latter approach is a kind of LES, as the
small scale dissipative effects are reproduced through numerical dissipation. Inside the re-
circulation zone the no-model approach give very good levels of fluctuations already with
a medium resolution grid. The approach with the turbulence model behaves slightly better
in the regions where the high frequency fluctuation contribution is larger and the grid is lo-
cally coarse (e.g., the downstream region).

With a numerical study it is observed, that break of symmetry of high blockage ratio annular
jets is preceded by oscillations in the near wall region. These perturbations propagate to the
axial stagnation point and cause symmetry breaking. Indeed, both the imbalance of pressure
and inertia force at the stagnation point, and the small thickness of the jet, represent an un-
stable condition for symmetry. Therefore, a small perturbation is able to distort the jet suf-
ficiently to lose symmetry.



Sommario

Questo lavoro si occupa delle simulazioni numeriche di getti anulari e, con particolare en-
fasi, di quelli ad alto blockage ratio. I getti anulari sono di interesse per la loro geometria
assialsimmetrica e per il loro intenso flusso ricircolante generato dal distacco di vena fluida.
Quando si prende in considerazione la combustione, la ricircolazione garantisce alti livelli
di miscelamento, da cui ne derivano fiamme stabili ed emissioni ridotte di sostanze in-
quinanti.

Lo studio si basa su simulazioni numeriche, poiché i getti anulari ad alto blockage ratio non
sono mai stati analizzati numericamente nel passato. Inoltre, né simulazioni tridimensiona-
li, né simulazioni instazionarie sono mai state effettuate in precedenza su getti anulari, la
natura dei quali è caratterizzata da un intenso miscelamento, ricircolazione e vortex shed-
ding. Pertanto i risultati di questo lavoro servono come base teorica per la progettazione di
bruciatori a gas con ostacolo ad alto blockage ratio e con intensa ricircolazione.

La tecnica utilizzata nelle simulazioni è la risoluzione delle equazioni RANS stazionarie e
instazionarie mediante il codice CFX-TASCflow. Le simulazioni assialsimmetriche stazio-
narie effettuate con diversi blockage ratio mostrano che la lunghezza di ricircolazione è cal-
colata in maniera accurata per bassi valori di questo parametro. Per alti blockage ratio le
simulazioni non sono accurate, poiché il flusso è asimmetrico. Le fluttuazioni delle velocità
ottenute con un modello degli Stress di Reynolds sono significativamente al di sotto delle
fluttuazioni misurate.

Mediante misure LDA e simulazioni tridimensionali stazionarie di un getto ad alto blockage
ratio si osserva un flusso asimmetrico. L’asimmetria si sviluppa dopo l’ugello anulare ed è
caratterizzata da una direzione laterale preferenziale. Il punto di stagnazione è al di fuori
dell’asse di simmetria. Getti asimmetrici che si sviluppano a partire da geometrie simmet-
riche e condizioni al contorno simmetriche sono già stati analizzati da altri ricercatori in
precedenza. Questi tipi di flussi sono soluzioni possibili del problema non lineare espresso
dalle equazioni di Navier-Stokes.

In generale, le simulazioni RANS instazionarie sono capaci di riprodurre la dinamica dei
vortici grandi e le conseguenti fluttuazioni delle velocità. Quindi le fluttuazioni totali pos-
sono essere calcolate partendo dalle fluttuazioni coerenti/deterministiche dei vortici grandi
e dalle fluttuazioni stocastiche dei vortici piccoli ottenute con modelli di turbolenza. Le
simulazioni tridimensionali instazionarie del getto ad alto blockage ratio qui presentate
sono realizzate utilizzando diversi approcci per modellare le fluttuazioni stocastiche delle



velocità. L’approccio col modello k-ε standard mostra uno smorzamento delle fluttuazioni
coerenti, a causa della dissipazione eccessiva introdotta dalla viscosità turbolenta. Al con-
trario, l’approccio senza modello e l’approccio col modello degli Stress di Reynolds pre-
sentano oscillazioni persistenti delle velocità.

La soluzione mediata nel tempo delle simulazioni instazionarie tridimensionali è asimme-
trica e ha le stesse caratteristiche ottenute nelle simulazioni stazionarie tridimensionali. Ciò
indica che la asimmetria persiste anche introducendo le fluttuazioni dei vortici grandi.

Nel confronto con i risultati sperimentali sia l’approccio senza modello, sia quello col mo-
dello degli Stress di Reynolds presentano delle fluttuazioni accurate delle velocità. I due ap-
procci danno valori delle fluttuazioni migliori dei calcoli stazionari, i quali non
comprendono le fluttuazioni instazionarie di grande scala. Quindi, il contributo delle flut-
tuazioni coerenti è determinante in questi flussi. Inoltre, i due approcci rivelano una fre-
quenza di oscillazione dello stesso ordine di grandezza della frequenza misurata
precedentemente in presenza di combustione. Questa frequenza è associata al movimento
periodico delle strutture di vortici grandi, come ad esempio il distacco e la convezione di
vortici.

Un confronto mostra che l’approccio turbolento con gli Stress di Reynolds non è più accu-
rato dell’approccio senza modello. Infatti, anche l’approccio senza modello simula l’effetto
dissipativo dei vortici piccoli, attraverso una dissipazione di tipo numerico. All’interno del-
la zona di ricircolazione l’approccio senza modello dà degli ottimi valori delle fluttuazioni
di velocità anche con una griglia grossolana. L’approccio col modello di turbolenza si com-
porta leggermente meglio nelle zone in cui le fluttuazioni stocastiche hanno un contributo
maggiore e la griglia è localmente grossolana (ad esempio, nella regione più lontana dalla
parete).

Con uno studio numerico si osserva che la rottura di simmetria nei getti anulari ad alto
blockage ratio è preceduta da oscillazioni nella regione vicina alla parete. Queste perturba-
zioni si spostano verso il punto di stagnazione assiale e causano la rottura di simmetria. In-
fatti, sia lo sbilanciamento fra forze di pressione e di inerzia al punto di stagnazione, sia lo
spessore sottile del getto, rappresentano una condizione di instabilità per la simmetria. Una
piccola perturbazione è in quindi grado di deformare il getto in modo sufficiente a perdere
la simmetria.
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1 Introduction

1.1 Gas combustion and bluff-body flames

Fossil fuel is currently the most used energy source worldwide. It has a significant impact
in many sectors of energy technology: heat production, transportation, electric energy pro-
duction. Coal is the most used fossil fuel, followed by oil and gas. It is likely to maintain
this leading position as the availability of oil is limited. In the case of gas combustion, me-
thane, propane and buthane are common fossil gases. They find practical application in
power plants (with gas turbines), transport vehicles and burners used in industry and house-
hold. It is worthy to cite also hydrogen as a non-fossil artificial gas fuel, which is having
growing impact in the automobile industry for its extremely low pollutant emissions.

Sustainability has indeed grown in importance in engineering design besides the criterion
of efficiency. Design and production of devices which lead to limited pollutant emission is
critical nowadays. Soot, unburnt hydrocarbons (UHC), nitrogen oxides (NOx), sulfur ox-
ides and carbon oxides (CO2 and CO) are pollutants commonly emitted in fossil fuel com-
bustion. They are dangerous for health and environment. Soot particles penetrate the lungs
and cause breathing problems and lung diseases. UHC may contain carcinogens, which
cause cancer. NOx contributes to the production of substances causing acid rain, to the de-
struction of ozone in the stratosphere and to global warming (greenhouse effect)
[Bowman92]. CO2 is the major gas involved in the greenhouse effect.

In gas combustion, CO2, CO and NOx are the only pollutants of concern. While CO2 is
physically impossible to avoid during all kind of fossil fuel combustion, there are tech-
niques for diminish the emissions of the two latter. CO production can be efficiently sup-
pressed through its complete oxidation. Techniques for reducing the NOx are discussed in
Refs. [Turns92], [Bowman92]. Under these techniques, flue gas recirculation (FGR) is one
of the most used due to its efficiency and simplicity. In FGR, the inert combustion products
are re-introduced directly in the combustion region after having lost part of their enthalpy.
So, the heat capacity of the burning fluid is increased when the burned gases are mixed with
the unburned gases, yielding to reduced peak temperatures and, consequently, to reduced
thermal NOx emission.

The recirculation of portions of gaseous products can be induced either aerodynamically or
through external pumps and particular combustion chamber designs. In the aerodynamic re-
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circulation a subatmospheric pressure region is set up near the gas burner exit, yielding to
the entrainment of products back to the combustion region. The low pressure region is cre-
ated by flow separation behind a so called bluff-body. Besides the ability of low NOx emis-
sion, also high flame stability is guaranteed with FGR in bluff-body flames [Schefer96].
Indeed, the burner jet boundary layer is continuously supplied with heat and chemically ac-
tive species and can ignite. As flame stability is the first issue considered in burner design,
flames of practical and commercial interest are based on some kind of bluff-body burner.
Alternatively or in addition, swirling flows are imposed for achieving stability.

An example of a low-NOx burner that employes FGR is the premixed matrix burner of the
Swiss manufacturer of heating equipment Ygnis AG. The matrix burner consists of a tube
with a particular small hole array pattern [Pat96, Dreher96]. The air-natural gas mixture is
forced to pass through the holes. Due to flow separation, recirculation of hot gases sets up
around each of the flames stabilized above the holes. Also in this case, FGR is the basis for
the flame stability and for the low NOx emission of these burners. In the matrix burner the
bluff-body is the matrix itself.

The knowledge of the bluff-body flow rising from specific devices is essential for their op-
timization. Detailed flow data can be provided experimentally and numerically, through
Computational Fluid Dynamics (CFD). Accurate measurements can be obtained with non
intrusive techniques like Laser Doppler Anemometry (LDA) and Particle Image Velocime-
try (PIV). There are two advantages of the numerical approach when compared to measure-
ments: first, simulations give insight to the flow when experiments are hardly possible or
not possible at all. The second advantage is its profitability. Simulations reduce dramatical-
ly the number of expensive prototypes, which must be built in the design and development
phase. The drawback of the numerical approach is its accuracy. Although the CFD tech-
nique has achieved considerable improvements through research, there are still open ques-
tions and errors when applied to complex flows and geometries. Therefore, the validation
of the numerical results is always necessary. Nevertheless, CFD as engineering tool has
grown in importance, following the trends of improvements in computer processor speed,
data storage capacity and parallelization techniques.

Apart from flow recirculation, bluff-body flows commonly involve vortex shedding, with
associated strong periodic shear stresses. When the simulation of vortex shedding flows are
performed in a steady fashion, the computed time mean characteristics (i.e., the average and
the variance) generally deviate significantly from the experimental time averaged values.
This is true also if more accurate second moment turbulence models are used. The reason
is that turbulence models in general do not contain any information of the bluff-body geom-
etry. Instead, unsteady simulations were shown to be superior to the steady counterpart, as
the unsteady nature of the vortices are taken into account [Durbin95]. However, a recent
work on the simulation of turbulent flows behind a simple bluff-body like a square cylinder
[Lakehal01] have shown that improvements in the results accuracy are still necessary.

As flame stability and NOx reduction are strongly linked to the fluid dynamics, a major in-
vestigation of the non-reacting flow is required first, before introducing complex combus-
tion models for analyzing heat production, flame stability and pollutants emission in bluff-
body flames.
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1.2 Annular Jets, Definitions

The annular jet is a useful flow configuration to study for two reasons: first, it gives rise to
recirculation and to vortex shedding, flow features of central role in bluff-body flows. Sec-
ond, the device generating this jet has an axisymmetric shape, like the majority of gas burn-
ers used in practice. So, it has the geometric complexity of common burners and preserves
the features of bluff-body flows, which are of interest here.

The annular jet device consists of a tube with a axisymmetric bluff-body of smaller diame-
ter at the tube outlet. Disks, cones or cylinders are frequently used as bluff-bodies. The flow
is forced to pass through the annular slot and to form an annular jet, Figs. 1.1, 1.2 and 1.3.
Due to flow separation, a region of subatmospheric pressure is formed behind the disk and
part of the annular jet is entrained in that region in a continuous strong recirculation. The
characteristic parameters of this jet are the blockage ratio

(1.1)

the Reynolds number

(1.2)

and the opening half angle of the bluff-body

(1.3)

with following nomenclature
• D : bluff-body diameter or inner jet diameter
• Do : inner tube diameter or outer jet diameter
• Uo : mean jet velocity
• ν : kinematic viscosity

The following literature review will outline the present knowledge on annular jets. Based
on this review the objectives of the present work will be outlined (section 1.4).

1.3 Literature review on Annular Jets

This section deals with the literature review of previous experimental and numerical studies
on annular jets.

1.3.1 Review of experiments on annular jets

The experiments on non-reacting annular jet flows present three main research areas: the
determination of the time mean characteristics of the turbulent flow, the characterization of
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the flow patterns in the laminar-turbulent transition and the description of the vortex dy-
namics in the turbulent flow.

1.3.1.1 Characteristics of the mean flow in the turbulent regime

According to the observations of Davies and Beér [Davies71] the wake behind an axisym-
metric bluff-body can be subdivided in three zones: the recirculation zone, the transition
zone and the zone of established flow (Fig. 1.1). In the recirculation zone the axial compo-
nent of the velocity on the centerline is negative (reverse flow). So, this zone ends at the
axial stagnation point. The transition zone extends from the stagnation point to the reattach-
ment point, which is the point at which the maxima of radial velocity profiles merge. Re-
circulation zone and transition zone extend over a distance of three diameters from the
bluff-body. The zone of established flow is characterized by having the same properties of
a round jet, e.g., the self-similarity of the radial profiles, as explained later by Ko and Chan
[Ko78].

Mean flow and turbulence measurements were performed for different bluff-body shapes
(disk, cone and cylinder) and blockage ratios (0.11, 0.25 and 0.54). The experimentalists
observed that the reverse mass flow rate increases with increasing blockage ratio, while the
recirculation length decreases with increasing blockage ratio due to the decreasing ratio of
inertia to pressure force. Moreover, an increased forebody angle (from the cylinder to the
disk) leads to outward oriented streamlines and therefore to a longer and wider recirculation
bubble, having again an increased reverse mass-flow rate. Behind the bluff-bodies high val-
ues of turbulent intensity were measured, which rapidly decay more downstream in the es-
tablished flow region.

Figure 1.1:The three zones in an annular jet flow according to Davies and Beér [Davies71]
(left). Typical radial profiles of the axial velocity component in the three re-
gions (right).
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Durão and Whitelaw [Durao78] did LDA measurements on unconfined annular air jets.
Disks of different sizes were used to study the effect of the different blockage ratios (0.20,
0.39, 0.50) for flows at Re=3,500-28,300. The mean values of the velocities and their r.m.s.
were collected. The mean velocity measurements indicated that the reverse mass-flow rate
increases with increasing blockage ratio, while the recirculation length decreases with in-
creasing blockage ratio due to the decreasing ratio of inertia to pressure force. At high Re
the recirculation length becomes independent from Re. Based on these observations, the au-
thors suggest the use of flame stabilizers with large disk diameter (high blockage ratio).
Near the annular slot negative (inward) radial component were measured, indicating that the
flow streamlines point to the centerline. According to the authors, this radial component
could play a crucial role in the numerical simulations of annular jets.

The axial fluctuations (i.e. the fluctuations in axial direction) decrease with increasing
blockage ratio. In the recirculation zone the fluctuations are anisotropic, with the axial fluc-
tuations being smaller than the radial fluctuations. In that region, the values of the turbulent
intensities lie above 30%. The axial locations of fluctuation peaks were determined: the
maxima of the axial fluctuation lie near the disk and at the axial stagnation point, the max-
imum of the radial fluctuation lies at the inflection point of the mean axial velocity profile.
The radial locations of the axial fluctuation peaks are at the inner and outer shear layer of
the annular jet. The radial profiles show that the radial and azimuthal fluctuations are com-
parable. At high distances downstream (>8.45D, D being the bluff-body diameter) the an-
nular jet develops to a round jet, where the fluctuations become nearly isotropic. In the
recirculation zone the measured shear stresses do not vanish in the locations of zero velocity
gradient. This suggests that effective-viscosity turbulence based models (e.g., the k–ε mod-
el) are unable to capture these stresses.

Inside the recirculation zone no discrete frequencies were reported. Accordingly, the veloc-
ity distributions were Gaussian. By contrast, in the boundary layer of the annular jet bimo-
dal distributions were found. A frequency of 1.5 kHz (St=0.79) was measured in that region.

Ko and Chan [Ko78] divided the wake behind the axisymmetric bluff-body in three zones
that are different from the three zones of Davies and Beér [Davies71]: Initial merging zone,
intermediate zone and fully merged zone (figure 1.2).

The initial merging zone lies between the bluff-body and the end of the annular potential
core. In the potential core the mean velocity is nearly the same as the jet exit velocity. In the
inner part of the annular potential core lies the recirculation zone, which is formed due to
the sub-atmospheric pressure. The intermediate merging zone extends from the end of the
potential core to the beginning of the fully merged zone, in which the flow has the same
properties as a single round jet. The reattachment point lies in the intermediate merging
zone. So, in contrast to Davies and Beér, the zone at which the flow has the same cha-
racteristics as the simple round jet starts more downstream than the reattachment point.

With their hot-wire anemometry measurements on three different annular jet devices of
blockage ratio 0.20 Ko and Chan [Ko78] determined the mean velocity field in the wakes.
The three devices differed by the shape of the bluff-body front surface: they used the com-
mon flat surface and front tips with conical and ellipsoidal shape. The Reynolds number
(based on the hydraulic diameter) was Re=1.1×105. The initial merging zone extends until
a distance of 1.7Do (Do being the outer diameter of the jet). The reattachment (start of the
fully merged zone) point is at 8.9 inner jet diameters (4 outer jet diameters Do) downstream.
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Similarly to results found by other experimentalists, the reattachment length decreases with
increasing blockage ratio. The fully merged zone starts at a distance of 5Do.

By using specific non-dimensional radial distances, similarity of the mean velocity and of
the turbulence intensity was found between annular jets and round jets in all three zones.

In further measurements [Chan78] the axial velocity profiles on the centerline show the
stagnation point at 1.1D. Like for a round jet, in the fully merged zone the maximum axial
velocity and the width at half maximum (y0.5) are inversely proportional to the axial dis-
tance from a virtual origin. Comparing the spread of annular jets and simple jets it was
found that the spread angle of the annular jet is smaller at the same jet diameter Do. More-
over, the recirculation zone has the effect of bringing the jet into a fully developed state ear-
lier than the round jet (at 5Do compared to 8Do).

In further hot wire anemometry measurements at the same blockage ratio and Reynolds
number [Ko79], it was shown that the profile is nearly uniform at the jet exit. Similarity
laws for the profiles in the recirculation region were determined. The maximum measured
reverse flow rate was 2.5%. By performing static pressure measurements with a disk static
probe it was observed that the position of the vortex center, the reattachment length, the
minimum and maximum values of the static pressure and the location of the minimum static
pressure correlates well with the non-dimensional group . Here, patm is the at-
mospheric pressure, Ai is the bluff-body surface and Mo is the momentum flux at the jet
exit. In the work of Ko and Chan [Ko79] the analytical definition of Mo is not given. From
dimensional consideration it should be the specific inertia flux ρu2 (u is the axial velocity
component), integrated over the jet nozzle exit. It is therefore the inertia force of the jet.

Another results of the measurements of Ko and Chan [Ko79] is that the minimum value of
the static pressure is in the recirculation region, the maximum value is at the stagnation
point (on the centerline).

Figure 1.2:Schematic representation of an annular jet, the time averaged flow regions and
the existing vortex trains (From Ref. [Ko79]).

Mo/(patmAi)
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LDA measurements on a confined annular water jet were performed by Taylor and White-
law [Taylor84]. Three different shapes of the bluff-body were used, namely two disks with
0.25 and 0.50 blockage ratio, and a cone of 45° included angle and a blockage ratio of 0.25.
The mean velocities and the Reynolds stresses were measured for Reynolds numbers be-
tween 2.4×104 and 3.9×104. No dominant frequency were observed in the flow. At the an-
nular slot very big streamline angles (up to 80° outwards) were reported for the disk of small
blockage, while for high blockages the streamlines were attached to the confinement walls
and the angles were small. The reversed mass flow rate increased with increasing maximum
reversed velocity in the recirculation zone and with increasing zone width. The presence of
a confinement had particular effects on the flow: an increase in the blockage ratio led to an
increase of the recirculation length. This is the opposite behavior of what is observed in un-
confined flows [Davies71, Durao78] and has two reasons [Taylor84]: first, the inner jet
streamlines are nearer to the confinement walls and attached to them. Their bending to-
wards the centerline is therefore inhibited. Second, the confinement maintains the axial ve-
locity of the order of the jet exit velocity at successive axial stations. So, the inertia forces
are able to overcome the pressure forces giving rise to longer recirculation lengths.

Confinement causes the annular flow to maintain itself at higher velocities, the pressure
drop in the recirculation zone to be higher and so the reversed velocity to be also higher than
in the unconfined case. Another effect of confinement is that increasing the curvature of the
jet at constant blockage ratio (i.e. using a forebody with bigger angle) leads to an increased
pressure gradient across the curved streamlines. So, the pressure drop in the recirculation
region is higher, what causes higher reversed velocities. Bigger forebody angles have the
effect of producing longer and wider recirculation zones, with higher reverse mass flow
rates. This result was obtained also by other experimentalists for unconfined annular jets
[Davies71].

Like in the work of Durão and Whitelaw [Durao78], anisotropy of the normal stresses was
observed at the stagnation point, the radial stresses being larger than the axial stresses. This
was explained with the loss of axial normal stresses in that region. Indeed, the production
of axial normal stresses is a negative quantity at the stagnation point, since the gra-
dient is positive. The high values of the turbulent kinetic energy at the stagnation point were
related to normal stresses and not to shear stresses. Consequently, turbulence models based
on the effective viscosity are expected to be inaccurate in this region, since these models do
not properly represent the normal stress production.

Kuhlman [Kuhlman87] compared the entrainment of ambient air by annular jets and single
(round) jets at ReDo=2.7×105. The entrainment rate of the annular jet was always higher
than the corresponding rate in the round jet. The author explained this increase with the en-
hanced entrainment effect of the wake vortex train [Chan78, Ko79].

Aly and Rashed [Aly91] measured the far disk flow field with thermocouples in the inter-
mediate and in the fully merged zone for blockage ratio of 0.91 and Re=4,800. The flow in
the initial merging zone and in the recirculation zone was not measured. The resulting pro-
files on the centerline show that the axial fluctuations were higher than the fluctuations in
radial direction.

Stroomer [Stroomer95] did LDA measurements of the air flow past a disk with a blockage
ratio of 0.89 at Re=4,400. Axial and radial profiles of the mean velocities and the velocity
fluctuations were measured. Analogous measurements were performed for a natural gas-air
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premixed flame. The recirculation length was measured at Lr/D=0.38 for the non-reacting
case. The centerline profiles of the velocity fluctuations in the recirculation zone show high-
er values of radial fluctuation than the axial fluctuations, which is in agreement with the re-
sults of Durão and Whitelaw [Durao78]. For the combustion case a dominant frequency of
St=0.07 was observed by performing auto-correlation analysis.

Warda et al. [Warda99] did LDA measurements on an annular jet of blockage ratio 0.44 and
Re=4,600 with high jet exit turbulence intensities. They found the position of the stagnation
point at a distance of Lr/D=0.8. The existence of the virtual origin and the 1/x-law of cen-
terline velocity decay [Ko78, Chan78] were confirmed.

1.3.1.2 Flow patterns in the laminar-turbulent transition

Li and Tankin [Li87] did flow measurements in the range 120<Re<4,300, for blockage ra-
tios of 0.32, 0.52 and 0.72, and for two different forebody angles. By looking at the flow
behavior they proposed a value of Re=700-800 for the transition to turbulence. The recir-
culation length was determined for the different Reynolds numbers. With an analytical ap-
proach they provided expressions for the recirculation length which fitted well with their
experimental values. According to the authors, this length increases linearly with Re (i.e.,

) in the laminar regime, while in the transition region and in the fully turbu-
lent region the recirculation length is inversely proportional to Re:

. The constant C1 depends on the geometry and C2 on blockage
ratio and forebody shape. These expressions confirm what was observed by other experi-
mentalists [Durao78], namely that at high Reynolds number the recirculation length is af-
fected only by geometrical characteristics.

Huang et al. [Huang94] analyzed experimentally the wake behind a disk in the transition
regime with a blockage ratio of 0.44. Three flow patterns were identified: the so called Q-
tip flow (for 130<Re<195), the open-top toroid pattern (for 195<Re<227) and the closed
toroid pattern (for Re>227). In the Q-tip pattern the velocity is low, and therefore the sub-
atmospheric pressure is not sufficiently low to attract the flow of the inner jet layer back to
the bluff-body surface and to close the recirculation torus. So, a reversed axial-flow is ob-
served and the axial stagnation point is absent. In the open-top toroid pattern a toroidal re-
circulation zone is formed which entrains some fluid from the annular shell flow region.
The axial reverse flow is still present. At higher Re the sub-atmospheric pressure becomes
sufficient for entraining the shell flow and for closing the torus (closed toroid pattern). In
these regimes two types of vortex shedding were found: for 180<Re<405 vortices are shed
from the bulk of the recirculation region. For Re>255 vortices are additionally shed due to
the shear effect between the annular jet and the recirculation flow.

Sheen et al. [Sheen96] performed smoke flow visualization and LDA measurements on
confined and unconfined annular jet geometries with and without swirl at a blockage ratio
of 0.23. For the swirl case they identified seven different flow patterns. Without swirl and
for both the confined and unconfined configurations two flow patterns were observed,
namely the open-top toroid (for Re<300) and the expelling vortex-shedding pattern (for
Re>300). The open-top toroid pattern had the same characteristics described by Huang et
al. [Huang94]. The expelling vortex-shedding pattern was characterized by an asymmetric
and unsteady vortex shedding from the recirculation bubble.

Lr D⁄ C1Re=

Lr D⁄ C2 1 C1Re( )⁄+=
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Further smoke flow visualization and LDA on a confined annular jet geometry with block-
age ratio of 0.23 showed four flow patterns [Sheen97]: open annular flow, closed laminar
flow, vortex shedding and stable central flow. A hysteresis phenomenon was observed
while changing the flow velocity: the stable central flow could be reached only by dimin-
ishing Re below 440. Transition to turbulence was reported for Re>2,000.

Recently, the signals of the hot-wire anemometer in the shear layer of a jet of blockage ratio
0.44 have been analyzed [Huang00]. Five flow regimes were identified: laminar, subcriti-
cal, transitional, supercritical and turbulent. Transition to turbulence was observed for
Re>750 (ReD>1,500), for which the signal was not periodic anymore. The absence of peri-
odicity is in contrast with the results of other works [Chan78, Ko79] where the appearance
of jet vortices of specific frequencies are observed in the turbulent shear layer. For the dif-
ferent regimes the Strouhal numbers, integral length scales and Reynolds stresses were
measured. The Strouhal numbers and the integral length scales presented discontinuities be-
tween the single regimes of transition. Moreover, in the transition regime the turbulent fluc-
tuations in the stagnation point were considerably higher than in the shear layer. The
measurements in turbulent flows [Durao78] showed the opposite situation.

1.3.1.3 Vortex dynamics in turbulent annular jets

Detailed pressure fluctuations measurements [Chan78] with a condenser microphone
showed vortices formed in the outer jet layer which were convected downstream following
specific paths. They were referred as outer jet vortices and were due to the shear effect of
the jet with the surrounding air (Fig. 1.2). These vortices are commonly found also in single
jets. The path of these vortices was described by the curve of the maxima in the r.m.s. of
pressure fluctuation. The frequency (or the Strouhal number) was found to change when the
vortices convect downstream. On the centerline the Strouhal number associated with the jet
vortices decreased moving downstream. Also another type of vortices (called wake vorti-
ces) were identified. They are shed with a different frequency from the recirculation zone.
Other lower frequency oscillations (St=0.15) were measured and were due to the standing
vortex behind the disk.

Further measurements of pressure fluctuations [Ko79] showed that the wake vortices are
shed at the nozzle exit and decay after one outer diameter Do downstream (Fig. 1.2). The
reason for their decay was attributed to the interaction with other types of vortices. More-
over, these vortices presented a jump in the frequency from 0.25≤Sti≤0.26 to 0.30≤Sti≤0.32
(Sti is based on the inner jet diameter Di) when they pass from the recirculation region to
the inner mixing region, where the mean velocity is higher. Besides the outer jet vortices
and the wake vortices, also inner jet vortices and wake induced vortices were found in the
experimentalists’ annular jet. The inner jet vortices are caused by the shear effect between
the annular jet and the recirculation behind the bluff-body. Like the wake vortices, they dis-
appear after the first outer diameter downstream. The wake induced vortices are formed in
the outer jet layer by excitation of the wake vortices and have the same frequency as the
wake vortices. The excitation is an effect of disturbances propagated from the inner to the
outer jet region.

The dependence of the vortex dynamics on the blockage ratio was studied by Ko and Chu
[Ko83]. Five jets with blockage ratio between 0.05 and 0.44 were considered and analyzed
using a condenser microphone for pressure fluctuation measurements. Besides the vortices
already described in previous works [Chan78, Ko79] low frequency vortices were found in
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the outer mixing layer. These are excited by the movement of the standing vortices and are
referred as lower wake induced vortices. It was observed, that the Strouhal numbers of all
types of vortices are independent of blockage ratio, provided the appropriate diameter is
used for evaluating these numbers. For the jet vortices, the outer jet diameter Do must be
chosen. For the wake and wave induced vortices, the standing vortices and the lower wake
induced vortices the inner diameter Di must be chosen. On the centerline the wake vortices
and the wave induced vortices had Sti=0.25 (Sti is based on the inner jet diameter Di). The
standing vortices and the lower wake induced vortices had Sti=0.1. The Strouhal numbers
associated with the jet vortices had the typical decay curve [Chan78]. Increasing blockage
ratio the contribution of the wake and wave induced vortices increased. The authors ob-
served that by increasing the blockage ratio the Strouhal numbers Sto (Sto is based on the
outer jet diameter Do) of the wave induced vortices approached to the value of the most pre-
ferred mode in simple jets. So, these jet vortices did not decay immediately and could be
observed. Another result was that two features of the pressure fluctuation (the maximum
value and the axial position) associated with the standing vortices and with the wave vorti-
ces correlate with the non-dimensional group already introduced in a previous
work [Ko79].

In successive studies [Lam86a, Lam86b] more information was provided about the dynam-
ics of the wake induced vortices. These vortices are first excited by the radial fluctuations
of the wave vortices and are found to span over about half the circumference of the outer
shear layer when they convect downstream. The toroidal form of the vortices is excluded
by the authors. The vortices move together with the wave vortices on a quasi-two-dimen-
sional vortex street structure in a zigzag staggered pattern. The plane of symmetry changes
randomly in time to assure statistic axisymmetry. No helicoidal movement of the vortex
structures was found. The convection speeds are 0.7Uo and 0.6Uo for the wake vortices and
the wave induced vortices, respectively. After a distance of 1.5Do the different convection
velocities destroy the ordered pattern, the wave vortices decay and the wave induced vorti-
ces reach their maximum intensity. After 4 outer diameters the wave induced vortices also
disappear.

The formation mechanism of the wake induced vortices has been recently proposed by Ko
et al. [Ko98]. According to their measurements, the wake induced vortices are formed in
the outer jet layer by a merging process of three outer jet vortices.

1.3.2 Review of simulations on annular flows

In contrast to the experimental works, the number of publications on annular jet simulations
is very limited. The reason may be the complexity of the simulation of these flows, which
commonly involve recirculation and large shear stresses. Only Pope and Whitelaw
[Pope76] and Leschziner and Rodi [Leschziner81] did simulations on unconfined annular
jets and compared the results with experiments of Durão and Whitelaw [Durao74]. On the
contrary, on co-annular jets quite extensive numerical studies have been employed. This
may be due to the larger application range of co-annular jets, as the two jets configuration
is the basis configuration for the more common non-premixed flames, in contrast to (single
jet) premixed flames.

Pope and Whitelaw [Pope76] performed steady two-dimensional simulations of the wake
behind an annular jet of blockage ratio 0.50. The k–ε model and two versions of a second

Mo/(patmAi)
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moment closure turbulence model were used. The recirculation length were underpredicted
and the axial velocity on the centerline downstream the stagnation point was lower than the
measured values. The authors indicated the necessity of extending the domain of computa-
tions upstream of the bluff-body so that more accurate boundary conditions could be ap-
plied. Moreover, they suggested to use second order closure turbulence models for
capturing the different values of the Reynolds stresses. Better results could be obtained also
applying an effective viscosity hypothesis based on the assumption of proportionality be-
tween the magnitude of the stresses and their transport, instead of an isotropy assumption.
Another source of error might lie in the source term of the ε-equation. This term could be
not accurate for recirculating flows and should contain more informations through the rota-
tion and the rate-of-strain invariants. Such an improvement of the source term was proposed
by Kato and Launder (Ref. [Kato93]).

Also Leschziner and Rodi [Leschziner81] did steady two-dimensional simulations of the
flow behind a disk and at a blockage ratio of 0.50. They used three different discretization
schemes and two modifications of the standard k–ε turbulence model for comparison with
experiments. The discretization schemes were the hybrid central/upwind differencing
scheme (CUDS), the hybrid central/skew-upwind differencing scheme (CSUDS) and the
quadratic, upstream-weighted differencing scheme (QUDS). The first modification of the
standard k–ε turbulence model was based on the streamline curvature. This led to a curva-
ture dependent function for the variable Cµ. The second modification based on preferential
dissipation and has an impact on the production term of the ε-equation.

The results showed that the CUDS is inaccurate for capturing the recirculation flows in the
annular jet, while both CSUDS and QUDS are accurate. Good predictions of the mean axial
velocity component on the symmetry axis of the annular jet were achieved using the stream-
line curvature modification of the k–ε model.

One of the three configurations of confined annular jet measured by Taylor and Whitelaw
[Taylor84] was analyzed numerically by McGuirk et al. [McGuirk82]. The simulations
were two-dimensional with the k–ε turbulence model. The recirculation length was over-
predicted by 8% and the turbulent kinetic energy was inaccurate. It was suggested to use
second order turbulence models since the eddy viscosity hypothesis only holds for flows
which are more or less self-similar.

Durão et al. [Durao91] did numerical simulations of an unconfined annular flow with cen-
tral jet. The central jet to annular jet velocity ratio was around 1. The simulations were
steady and two-dimensional. The k–ε model and a version of Reynolds Stress model were
used. The results were compared with the experimental data of Durão et al. [Durao90]. The
position of the two axial stagnation points was captured quite well with the Reynolds Stress
model, while the k–ε model underpredicted the first stagnation point by 40%. Significant
underpredictions of the normal and the shear stresses were reported. The authors attributed
these errors to the fact that the turbulence models do not account for turbulence energy con-
tributions due to the oscillating behavior of the flow near the stagnation points.

Akselvoll and Moin [Akselvoll96] did three-dimensional Large-Eddy Simulations (LES) of
a confined co-annular jet. The Reynolds number based on the bulk velocity and the confine-
ment diameter was 3.8×104. The annular jet to central jet velocity ratio was 3.1. The outer
to inner tube diameter ratio was 2.1. The simulations of the non-reacting flow were consid-
ered a preliminary study to the more complex case of a reacting flow involving flame ex-
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tinction. The results showed good agreements both for the mean axial velocity and the r.m.s.
of the axial velocity fluctuations. The passive scalar (introduced for analyzing the mixing
phenomena) was also well captured. The simulations proved the existence of three-dimen-
sional effects in which pockets of fluid from the central jet were able to cross the surround-
ing annular jet and to access directly to the outer recirculation region.

Young et al. [Young99] analyzed numerically the laminar flow regime of a confined annu-
lar flow with and without swirl. The computations were two-dimensional unsteady laminar.
The results were compared with the experimental data of Sheen et al. [Sheen96]. The recir-
culation length obtained in the unswirled flow was overpredicted in all the simulations at
Re<2,000.

1.4 Open issues and objectives of this work

Picking up the salient features of the experimental part it can be seen, that the time averaged
flow field in an annular jet is divided in different regions. The region near the bluff-body
has a subatmospheric pressure and strong recirculation takes place. The mass-flow rate in-
creases and the recirculation region volume decreases with increasing blockage ratio. The
velocity fluctuations in the recirculation region are very intense and anisotropic, so that tur-
bulence models based on the effective viscosity are inaccurate. More downstream the flow
becomes a round jet flow.

Concerning the vortex dynamics, there is no systematic evidence about the general exist-
ence of vortex movements with specific frequencies. However, detailed studies [Chan78,
Ko79, Ko83] on a specific annular jet flow configuration indicated the existence of 6 dif-
ferent types of vortices.

There exist only two numerical studies on unconfined annular jets with blockage ratio of
0.50 which show the need of accurate numerical schemes and turbulence models for these
flows. These simulations were steady and two-dimensional (axisymmetric).

Therefore, it can be concluded, that following points have not been investigated and will be
covered by the present work:
• Simulations of high blockage ratio (larger than 70%) annular jets. Annular jets with

higher blockage ratios are believed to be of practical relevance, because of the increased
reversed mass flow rate (Refs. [Davies71, Taylor84]) and the consequent increased
flame stability [Schefer96], when combustion is included.

• Unsteady simulations of annular jets. Vortex formation and shedding and dynamics can
be investigated by unsteady simulations. Moreover, the unsteady approach gives accu-
rate results of the large eddy fluctuations.

• Three-dimensional simulations of annular jets. A higher accuracy of the results can be
achieved by performing the three-dimensional simulations, because flow asymmetries
are considered.



1.5 Annular jet under investigation 13

1.5 Annular jet under investigation

Figure 1.3 is a sketch of the configuration of the annular jet geometry considered in this nu-
merical work. A cross section of the upper part of the disk stabilized burner producing the
air annular jet is shown in Fig. 1.4. It corresponds to the configuration of a previous exper-
imental work [Stroomer95].

A disk of diameter D=80 mm is set at the outlet of a steel tube with an inner diameter of
Do=85 mm. The blockage ratio is BR=0.89 (Eq. 1.1) and belongs therefore to the high range
of blockage ratio values. The tube outer diameter is 105 mm. After exiting the honeycomb
(not shown in Fig. 1.4), the air enters a contraction section and is forced to pass the annular
rim of width 2.5 mm. Like in the work of Stroomer [Stroomer95], the jet mean velocity at
the rim is Uo=13.2 m/s. With the viscosity of air set to ν=1.5×10-5 m2/s the Reynolds num-
ber is Re=4,400 (Eq. 1.2). Due to flow separation, a zone of subatmospheric pressure is es-
tablished which entrains fluid from the jet and gives rise to recirculation of air. No data are
provided by Ref. [Stroomer95] for the turbulent intensity and for the radial and azimuthal
velocity components at the jet exit.

Figure 1.3:Sketch of an annular jet. The disk acts as a bluff-body. Air is forced to pass
through the annular rim to form an annular jet.
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tube

time mean position
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The burner had a second gas supply for an additional central flow through the 4 mm hole of
the disk (Fig. 1.4). However, in the measurements [Stroomer95] the inlet of the central tube
was hermetically sealed so that no flow through the disk hole was possible.

Although this work is concerned with a high blockage ratio annular jet, some steady simu-
lations of turbulent annular jet flows were performed also at other values of blockage ratio
and Reynolds number. Results and conclusions of these simulations will also be shown.

1.6 Summary of the following chapters

This work is divided into four chapters. First, the governing equations (chapter 2) are de-
scribed. The results of the steady two-dimensional (chapter 3) and three-dimensional (chap-
ter 4) simulations will show general time averaged features of the flow. The investigation
of the large eddies dynamics and its effect on the time mean flow is finally presented in
chapter 5. Finally, chapter 6 deals with the symmetry breaking mechanism.

The appendix describes the simulation code and the sources of numerical errors.

Figure 1.4:Cross section of the annular jet device. The disk, the disk holder and the con-
traction tube are represented.
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2 Numerical models for the flow

This chapter deals with the governing equations for the flow and turbulence. Starting from
the Navier-Stokes equations the different approaches and models used in the following
chapters are described. The code CFX-TASCflow is used in this work for solving the flow
equations.

2.1 Navier-Stokes equations

The flow under investigation is an isothermal viscous air flow with small pressure varia-
tions. Assuming Newtonian (linear) stress strain relation, the Navier Stokes equations for
incompressible viscous flows read

(2.1)

for the continuity, and

(2.2)

for the momentum. Proper boundary and initial conditions must be provided for this system
of equations.

2.2 Reynolds and ensemble averages of a fluctuating quantity

Different averages can be applied to a fluctuating quantity φ at a certain position in the flow
[Hussain70, Franke91, Wilkox93, Tannehill97].

Reynolds averaging is a long time averaging:
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(2.3)

∆tt is the time length of the average, t is the time instant around which the averaging is per-
formed, and τ is the integration variable. ∆tt is large compared to the periods of all fluctua-
tions. Reynolds averaging leads to following decomposition:

(2.4)

where is the Reynolds average. As this average is taken over a long time, it does not de-
pend on time. On the contrary, the total fluctuation is time dependent. It consists of the
fluctuations at all frequencies.

Ensemble averaging is a short time averaging:

(2.5)

In this case, the time length ∆ts is larger than the period of the high frequency fluctuations
only. Ensemble averaging gives the decomposition:

(2.6)

The ensemble average is time dependent. The quantity is also time dependent and
contains only the high frequency fluctuations. It can be seen, that ensemble averaging acts
as a low pass filter for frequency.

Applying Reynolds averaging to the ensemble average gives

(2.7)

and, therefore,

(2.8)

(2.9)

The quantity is time dependent and contains only the low frequency fluctuations.

So, a fluctuating quantity in a fluid flow can be divided in mean value, low frequency and
high frequency fluctuations (Fig. 2.1):

(2.10)

Since the low and high frequencies do not correlate, .

The mean square, or the variance, of the total fluctuation is therefore the sum of the vari-
ances of the single fluctuations

(2.11)
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Analogously, the covariance of two fluctuating quantities φ and ψ is

(2.12)

2.3 Unsteady Reynolds Averaged Navier-Stokes equations

Applying ensemble averaging to the continuity and momentum equations of an incompress-
ible Newtonian viscous fluid flow gives the Ensemble Averaged Navier-Stokes (or, Un-
steady Reynolds Averaged Navier-Stokes, URANS) equations [Franke91, Speziale91,
Lakehal01 ]:

Continuity equation:

(2.13)

Three momentum equations:

(2.14)

Figure 2.1:Decomposition of a signal through Reynolds and ensemble averaging.
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For this system of equations proper boundary and initial conditions must be provided. For-
mally, Eqs. 2.13 and 2.14 are identical to 2.1 and 2.2, with exception of the six Reynolds
Stresses , which are unknown.

According to the energy cascade concept [Pope00], larger eddies transfer kinetic energy
successively to smaller eddies. This process of energy transfer continues until viscosity be-
comes significant and energy is dissipated into heat. Low eddy turnover frequencies are as-
sociated with the high turn over times of the large eddies. Vice-versa, high turnover
frequencies are associated with the small eddies [Pope00]. So, performing an ensemble av-
eraging (low frequency filtering) implies preserving only the information of the large ed-
dies.

The ensemble average of a velocity component is a deterministic quantity, since it is
computed via the Eqs. 2.13 and 2.14. As the low frequency fluctuation is computed from
the ensemble average (Eq. 2.8), this fluctuation and its mean square are also determin-
istic (coherent). So, the dynamics of the large eddies is computed in a deterministic fashion.

The mean square of the high frequency fluctuation , instead, is computed on the basis
of a given turbulent model. It is referred as stochastic fluctuation [Franke91]. Therefore, the
dynamics of the smallest eddies is determined through a model.

The URANS equations technique has successfully been applied to unsteady flows with vor-
tex shedding [Franke91, Kato93, Durbin95, Lakehal01]. It is valid, as long as the stochastic
and coherent fluctuation frequency bands are clearly distinct [Wilcox93].

2.4 Approaches for the description of stochastic fluctuations

2.4.1 No-model approach

In the no-model approach all the stochastic fluctuations are neglected. Therefore, the six
Reynolds stresses are all zero:

(2.15)

Therefore, the Ensemble Averaged Navier-Stokes equations (Eqs. 2.13 and 2.14) become
formally the non-averaged equations. It is assumed that all time and length scales until the
smallest eddy turnover time (i.e., the Kolmogorov time scale) and the smallest eddy length
(i.e., the Kolmogorov length scale) are resolved by the numerical implementation of the
equations. All fluctuations are considered coherent and computed in a deterministic fash-
ion.

The no-model approach represents a quasi-Large Eddy Simulation (LES), as observed by
Rodi [Rodi92]. Indeed, the numerical dissipation assumes the role of the subgrid scale mo-
del.

2.4.2 Turbulent approach with the k-ε model

The k-ε model (see [Wilcox93]) is a linear eddy viscosity model, i.e., the stresses are com-
puted from following linear stress-strain relation

τij ui'uj'〈 〉=

ui〈 〉
ui
˜

ui
˜ 2

ui'
2

ui'uj'〈 〉 0=
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(2.16)

being the strain

(2.17)

The expression 2.16 is called linear Boussinesq approximation. The effective viscosity (or
turbulent viscosity) is

(2.18)

So, two additional transport equations must be solved for the turbulent kinetic energy

and its dissipation rate :

(2.19)

(2.20)

Also for these two equations proper initial and boundary conditions must be provided.

The production term of turbulent kinetic energy is:

(2.21)

2.4.2.1 Standard k-ε model

The Standard k-ε model uses constants with the values of table 2.1:

Table 2.1: Constants for the standard k–ε model
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2.4.2.2 RNG k-ε model

The Renormalization Group (RNG) k-ε model [Yakhot92] uses slightly different values for
the constants Cµ, Cε1, σk and σε. In this model Cε2 is a function of the turbulent kinetic en-
ergy, of its dissipation rate and of the strain.

2.4.2.3 Kato-Launder k-ε model

In the Kato-Launder k-ε model [Kato93] a different expression for the production term of
the turbulent kinetic energy is used. The production term (see Eq. 2.21) can be rewritten as

(2.22)

where the normalized strain S is defined as

(2.23)

Since this expression for Pk leads to excessive turbulence production in stagnating points,
Kato and Launder [Kato93] proposed to include in Pk the vorticity, which is nearly zero at
stagnating points:

(2.24)

where the normalized vorticity Ω is defined as

(2.25)

(2.26)

The variable Cµ is a function of the turbulent kinetic energy, of its dissipation rate and of
the strain.

2.4.3 Turbulent approach with the Reynolds Stress model

In a Reynolds Stress model (RSM) the six stresses are found by solving their
transport equations

(2.27)

and the transport equation for the dissipation rate of the turbulent kinetic energy

(2.28)

Also for these seven equations proper initial and boundary conditions must be provided.
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The single terms of the -transport equations are the following (for details see Refs.
[Launder89], [Speziale91])

Production

(2.29)

Diffusion

(2.30)

with cs=0.22.

Dissipation

(2.31)

The difference between the different proposed Reynolds stress models lies in the expression
of the pressure-strain term . In this work the pressure-strain expression given by Spe-
ziale, Sarkar, Gatski (SSG-RSM, [Speziale91]) and the expression given by Launder, Re-
ece, Rodi (LRR-RSM, [Launder89]) are used.

The diffusion term in the ε-equation transport equation is

(2.32)

The term Pk in the ε-equation is given by equation 2.21.

The constants for the ε-equation are given in table 2.2:

Table 2.2: Constants for the ε-equation of the Reynolds stress model

2.5 Steady Reynolds Averaged Navier-Stokes equations

Assuming a steady state flow, the time derivatives in the three equations momentum equa-
tions and in the transport equations of the given turbulence model vanish. Since the ensem-
ble average must be constant in time, it is equal to the Reynolds average:

(2.33)
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From Eq. 2.8 it follows, that the coherent fluctuation vanishes and that the total fluctua-
tion is only stochastic.

The Steady Reynolds Averaged Navier-Stokes (RANS) equations are therefore

(2.34)

(2.35)

Analogue changes apply to the transport equations of the corresponding turbulence model
(Section 2.4). For this system of equations proper boundary conditions must be provided.

A fundamental question arises at this moment: Is the time average of the transient solutions
obtained by solving the URANS equations (Eqs. 2.13 and 2.14) equal to the solution ob-
tained with the Steady RANS equations (Eqs. 2.34 and 2.35)? The answer is no, because
the effect of the largest eddies is not taken into account in a Steady RANS approach.

This can be shown by Reynolds averaging the URANS equation and comparing the result
with the Steady RANS:

Continuity equation:

(2.36)

Three momentum equations:

(2.37)

Since the Reynolds average of a an ensemble average gives the mean value (Eq. 2.7), the
result is:

(2.38)

(2.39)

Therefore, the averaged momentum equations contain additionally the averaged coherent
stresses (or wave induced stresses, [Lakehal01]) , which are due to the larger eddies.
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3 Steady axisymmetric simulations

3.1 Introduction

This chapter deals with steady axisymmetric simulations of an annular jet of blockage ratio
0.89 and Reynolds number 4,400 (described in section 1.5), and of annular jets having
smaller blockage ratios. As will be shown in the next chapter 4, the experiments indicated
that the time averaged flow field of the annular jet described in section 1.5 is asymmetric.
Therefore, axisymmetric computations are not accurate for this flow, in contrast to three-
dimensional simulations. Instead of capturing the mean quantities of the flow, the results of
this chapter aim to following objectives:
• to find out simple boundary conditions to be used in the three-dimensional computations

of the next chapters
• to show that steady computations underpredict the measured fluctuations
• to show that good predictions of the recirculation length are achieved with steady axi-

symmetric computations, provided the blockage ratio is below 0.70

In a first step, the results of a sensitivity study at blockage ratio 0.89 are presented (section
3.2) and the computed fluctuations are compared with the experimental values (section 3.3).
Then the results of simulations at different blockage ratios are compared with experimental
data from literature and a quantitative relation between blockage ratio and inertia to pres-
sure force ratio is given (section 3.4).

The computations were performed with the code CFX-TASCflow and were performed us-
ing a second order skew upwind differencing scheme.

3.2 Sensitivity study of the annular jet simulations at BR=0.89

This section deals with the axisymmetric steady simulations of the annular jet with blockage
ratio of 0.89 and Re=4,400, described in section 1.5 and studied experimentally by Stroom-
er [Stroomer95].

As will be shown in the next chapter, the experiments showed that the time averaged flow
is asymmetric. Therefore, our axisymmetric computations are not accurate for describing
the flow features. However, they helped us to study the sensitivity of changes in the bound-
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ary conditions on the results, and to find out which simple boundary conditions could be
used in the simulations of the next chapters.

3.2.1 Sensitivity of the boundary conditions

This subsection deals with the study of two different boundary conditions, i.e., the boundary
condition that describes the external air entrainment and the boundary condition that de-
scribes the jet flow at the annular nozzle.

A study of the far field boundary condition is performed in the chapter dedicated to three-
dimensional steady computations (chapter 4).

Table 3.1 summarizes the computations that were performed using different conditions for
the external air entrainment. The sudden expansion of the flow after the annular slot causes
a zone of subatmospheric pressure near the inner and outer boundary layer of the jet. There-
fore, the outer boundary layer entrains air from the surrounding region. LDA measurements
of this entrained air are quite complex and no information on this concern was given in the
experimental work [Stroomer95]. Different approaches were tested for modeling the en-
trainment in the simulations.

Case 1 is the most realistic approach of the computations: the computational domain con-
tains both the region before the disk (inside of the collector tube) and the region after the
disk. Fig. 3.1 shows the computational grid and the boundary conditions. The round surface
of the contraction tube (see also Fig. 1.4 in section 1.5) can be recognized. The effect of the
air entrainment was taken into account by considering as part of the computations a large
region of radial extension 0.8D. The air mass flow imposed in the simulation was the same
as in the experiment. The turbulent intensity of the mass entering the collector tube was set
to10% and the integral length scale was 2D. The k-ε turbulence model was used. Note that
the annular jet coming out from the annular nozzle was part of the computational domain.
So, there was no need to impose conditions for this jet. It was observed that the computed
boundary layer at the collector tube did not exceed the size of the first near wall cell, there-
fore being much smaller than the annular slot.

Case 1 2 3 4

Region before the disk yes no no no

Type of annular jet not imposed flat flat flat

Type of model for the air
entrainment

added region of
extension 0.8D

added region of
extension 0.5D

or D

wall
(no-slip)

coflow of ve-
locities 0.04Uo,
0.11Uo, 0.23Uo

or 0.38Uo

Total number of grid points 25,000 27,000 27,000 27,000

Table 3.1:Sensitivity study for the boundary condition which models the external air en-
trainment.
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In two other computations (case 2) the region before the collector tube was omitted. The
annular air jet had a flat profile of axial velocity component of magnitude Uo=13.2 m/s,
which corresponded to the same mass flow as in the experiments.The imposed jet had a zero
radial velocity component. Based on the results of Stroomer [Stroomer95], a turbulence in-
tensity TI of 40% was set at the jet exit. The integral length scale was equal to the hydraulic
diameter, i.e., lo=Do-D=0.0625D. The k-ε turbulence model was used. Again, in the sim-
ulations the air entrainment effect was taken into account by adding a region of radial ex-

Figure 3.1: Grid used in the computations including the contraction tube region. The ar-
rows indicate the inlet position of the air.
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tension D/2 or D. Fig. 3.2 shows as an example the grid with a region of radial extension D/
2 and the corresponding boundary conditions.

The simulation code CFX-TASCflow avoids problems connected with the discontinuity of
the velocity profile near the jet edge, by employing a surface centered integration point dis-
cretization technique. This technique interpolates the cell vertex values and guarantees a
smooth distribution of the velocity profile.

In another computation (case 3) the annular jet had a flat velocity profile as in the case 2,
but the external tube was thick (Fig. 3.3 shows the grid with the corresponding boundary
conditions). The thick external tube was modeled with a (no-slip) wall boundary condition.

In another set of four computations (case 4) the annular jet had a flat velocity profile as in
the case 2, but the entrained air was replaced by a low velocity coflow, which was put at
radii between 0.66D and 1.06D. The turbulent intensity and the integral length of this cof-
low were 7% and lo=D, respectively. (Fig. 3.4 shows as an example the boundary conditions
for the computations with a coflow of 0.11Uo. The grid is the same as in Fig. 3.3). Velocities
between 0.04Uo and 0.38Uo were tested.

Fig. 3.5 shows the results of these computations. As can be seen from this figure, the recir-
culation length is very sensitive to the model used for the air entrainment. (The recirculation

Figure 3.2: Grid used for the computations with the entrainment region of width D/2. The
arrow indicates the inlet position of the jet.
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length Lr is defined as the distance between the bluff-body and the position on the symmetry
axis at which the axial velocity component changes in sign (see Fig. 3.5). In an axisymmet-
ric flow this position coincides with the stagnation point.) However, every model leads to
recirculation lengths that are significantly higher than the measured length. The recircula-
tion length is only slightly affected by the coflow velocity if this velocity is below 0.1-
0.15Uo.

Leschziner and Rodi [Leschziner81] proposed to solve the momentum equation for the ra-
dial velocity component at the air entrainment boundaries. They set the axial velocity com-
ponent and the pressure to zero outside of the computational domain. This approach was not
tested here.

In contrast to the other cases 2, 3 and 4, in the case 1 the radial velocity profile at the jet
nozzle presented an outward pointing maximum radial velocity component of 0.07Uo.

The results of Fig. 3.5 show that the effect of air entrainment can be accurately reproduced
by putting a coflow with a velocity below 0.1-0.15Uo, which represents a relatively simple
boundary condition. The next series of computations should determine if the effects of the
type of jet at the annular nozzle could be accurately reproduced by using a flat profile.

Figure 3.3: Grid V5 (27,000 grid points) and boundary conditions for the case 3. The ar-
rows indicate the inflow position of the jet.
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Different types of annular jets were tested. In all the computations the same grid (27,000
grid points, see Fig. 3.3) and the same approach for the external air entrainment was used,
namely a coflow of velocity 0.11Uo. The region before the disk was not included in this se-
ries of computations. For the annular jet a turbulence intensity TI of 40% was set at the jet
exit. The integral length scale was equal to the hydraulic diameter, i.e., lo=Do-D=0.0625D.
The k-ε turbulence model was used.

Table 3.2 shows the details of the computations. Case 5 has a flat profile of axial velocity
component and a radial velocity component set to zero. The axial velocity component was
equal to Uo=13.2 m/s. This velocity corresponds to the same mass flow as in the experi-
ments of Stroomer [Stroomer95]. Case 6 used a parabolic profile for the axial velocity com-
ponent, resulting in the same mass flow as in the experiments. Case 7 was characterized by
a flat profile of the axial velocity component and inward pointing (negative) radial veloci-
ties of -0.1Uo or -0.2Uo.

Fig. 3.6 shows the results. It can be observed that the choice of a parabolic profile of the
axial velocity component instead of a flat profile has a negligible influence on the results,
when compared with the experimental values. Using radial velocity components of -0.1Uo
or -0.2Uo leads to a small reduction of the recirculation length. As mentioned before, the

Figure 3.4: Boundary conditions for the case BR=0.89 and Re=4,400.
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computations that included the region before the disk (case 1) presented outward (positive)
radial velocity components and the effect on the results was also of minor importance.

For smaller blockage ratios other authors [Davies71, Taylor84, Li87] observed a major in-
fluence of the radial component of the velocity at the jet exit on the length of the recircula-
tion zone. In particular, jets with negative radial velocity components (i.e., velocity vectors
pointing towards the symmetry axis) have smaller recirculation lengths. From the present

Figure 3.5: Effect of different air entrainment approaches on the axial velocity profile.

Case 5 6 7

Axial velocity component flat parabolic flat

Radial velocity component 0 0
-0.1Uo or

-0.2Uo

Total number of grid points 27,000 27,000 27,000

Table 3.2:Sensitivity study for the type of jet profile. The external air entrainment is mod-
eled with a coflow of velocity 0.11Uo and the region before the disk is not included.
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results of the annular jet with a high blockage ratio the influence of the radial component is
minor.

In conclusion, within reasonable variations, the shape of the annular jet has a negligible ef-
fect on the results, when compared with the experimental results. So, the jet at the annular
nozzle can be accurately modeled by a flat axial jet of velocity Uo=13.2 m/s.

The turbulent quantities at the annular nozzle were not measured by Stroomer
[Stroomer95]. However, the at a position closest to the nozzle a value of 40% for the turbu-
lent intensity was observed in the experiments. Another series of computations were per-
formed in order to check the effect of the turbulent quantities of the annular jet. An annular
jet with a flat profile of axial velocity Uo and zero radial velocity component was used. In
all the computations the same grid (27,000 grid points, see Fig. 3.3) and the same approach
for the external air entrainment was used, namely a coflow of velocity 0.11Uo. The k-ε tur-
bulence model was used. The results are presented in Fig. 3.7.

The simulations show that the profile of the axial velocity component on the symmetry axis,
and in particular the recirculation length, is not significantly affected by the turbulent inten-
sity TI and the integral length scale lo.

Figure 3.6: Effect of different jet profiles.
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3.2.2 Sensitivity of the computational grid

Simulations were performed using different grid resolutions while maintaining other
characteristics constant.

The grids used are described in Tab. 3.3. The grid V5 is shown in Fig. 3.3.

Figure 3.7: Effect of inlet turbulent characteristics on solution.

Grid label
Radius of

computational
slice (mm)

Height of
computational

slice (mm)

Grid points in
radial direction

Grid points in
axial direction

Total number
of grid points

V5 85 130 69 131 27,000

V1 85 130 79 131 31,000

V2 85 130 97 193 56,000

V3 85 130 237 291 207,000

Table 3.3:Description of the grids used for the grid dependence study.
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The values of the axial velocity component w on the symmetry axis are shown in Fig. 3.8
for comparison, together with the experimental data of Stroomer [Stroomer95]. Some dif-
ferences can be observed between the numerical results, mostly inside the recirculation
zone and more downstream. The computed recirculation length lies around 0.55D, about
50% more than the measured value of 0.38D. It is relatively insensitive to the grid resolu-
tion. The finest grid used (207,000 points) is approximately an order of magnitude finer
than the coarsest one utilized.

Figure 3.9 shows the values of the axial velocity component on a line parallel to the sym-
metry axis and at the radial position r/D=0.5, obtained with the different grids. Near to the
disk the values indicate the evolution of the jet boundary layer. Some differences in the re-
sults can be observed, but are of minor entity.

3.2.3 Sensitivity of the turbulence model

The results inside the recirculation zone and the recirculation length are essentially unaf-
fected by changing the turbulence model. This can be seen in Fig. 3.10. Apart from the stan-
dard k-ε model (section 2.4.2.1), the renormalization group (RNG) k-ε model (section
2.4.2.2) and the Kato-Launder k-ε model (section 2.4.2.3) with the Cµ value kept constant
at 0.09 were used in the computations. The Reynolds Stress Models (section 2.4.3) pro-
posed by Launder, Reece and Rodi (LLR, [Launder87]) and by Speziale, Sarkar and Gatski

Figure 3.8: Effect of grid resolution on the solution. Axial profile on the symmetry axis.
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(SSG, [Speziale91]) were also tested for this configuration. Steady computations with the
turbulent stresses set to zero (no-model approach, section 2.4.1) did not converge.

For these computations the other characteristics were kept constant: The annular jet had a
flat profile of axial velocity Uo and zero radial velocity component. In all the computations
the same approach for the external air entrainment was used, namely a coflow of velocity
0.11Uo. The region before the disk was not included in this series of computations. For the
annular jet a turbulence intensity TI of 40% was set at the jet exit. The integral length scale
was equal to the hydraulic diameter, i.e., lo=Do-D=0.0625D. The grid V5 (27,000 grid
points, Fig. 3.3) was adopted.

3.3 Velocity fluctuations

We have limited our presentation of results so far to velocity profiles on the symmetry axis
and on estimates of the recirculation length. Another quantity that is of paramount impor-
tance in combustion is the turbulence intensity, as it characterizes mixing. A comparison of
the measured and computed r.m.s. values of the axial velocity fluctuations wfl on the sym-
metry axis inside of the recirculation zone is shown in Fig. 3.11. The computed values are

Figure 3.9: Effect of grid resolution on the solution. Axial profile through the boundary
layer (at a radial position of r/D=0.5).

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

z / D

w
 / 

U
o
 

27,000 grid points
31,000 grid points
56,000 grid points
207,000 grid points



34 3 Steady axisymmetric simulations

taken from the results of section 3.2 using the Standard k-ε turbulence model (section 2.4.2)
and the SSG Reynolds Stress model (section 2.4.3). For the k-ε model the results of two dif-
ferent grids are provided. Close to the disk this model overpredicts the fluctuations by about
90%. More downstream the model behaves better. However, the more accurate Reynolds
Stress model always underpredicts the fluctuation by about 50%. Kato [Kato93] has already
observed the large fluctuation values obtained with the k-ε model. This is due to the exces-
sive production of turbulent kinetic energy.

It has been mentioned that measurements have shown that the time averaged flow field is
non-axisymmetric. This will be shown in the next chapter. Therefore a comparison of the
axisymmetric computation results with the experimental values is not straightforward.
However, it can be reasonably assumed that the level of the fluctuations is not influenced
by symmetry. Other major parameters like the jet velocity Uo and the disk diameter D have
an effect on the fluctuation level of the vortex shedding flow [Franke91, Rodi92]. So, from
the results presented it can be concluded that a steady approach is not able to capture the
high values of fluctuation.

Figure 3.10: Effect of different turbulence models on the axial velocity profile on the sym-
metry axis.
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3.4 Investigation of the annular jet at different blockage ratios

This section shows the results of steady axisymmetric computations performed in the tur-
bulent regime at different blockage ratios.

The computations were performed with the code CFX-TASCflow. The standard k-ε turbu-
lence model was used (see section 2.4.2.1). The near wall flow was handled with the log-
law and the correction technique proposed by Grotjans and Menter [Grotjans98]. Fig. 3.4
shows as an example the boundary conditions (b.c.) for the case BR=0.89 and Re=4,400.

The annular jet was modeled with a flat velocity profile of the axial velocity component.
The jet had an axial velocity component equal to Uo and no radial velocity component. The
surrounding air entrainment was modeled with an axial coflow of velocity less than 0.11Uo,
which was put between the outer tube edge and the computational domain side boundary
(see Fig. 3.4). At the side surface of the domain slice a free slip boundary condition was set.
At the same boundary surface a zero diffusive flux was imposed for the additional transport
quantities k and ε. A non-reflective outflow boundary condition was put at the surface op-
posite to the inflow.

For the spatial discretization of the steady state equations (section 2.5) a second order skew
upwind differencing scheme was used. This scheme was identical to the one used by Le-
schziner and Rodi [Leschziner81] for the simulation of recirculating annular jet flows, for
which these authors obtained very good predictions of the recirculation length.

Figure 3.11: Measured and computed r.m.s. of the axial velocity fluctuations.
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Table 3.4 summarizes the computations. The grids used in the simulations are described in
Tab. 3.5 and shown in Figs. 3.3 and 3.12.

Blockage ratio (D/Do)2

0.30 0.51 0.71 0.89 0.95 0.99

Re 57,000 10,000 2,000 4,400 6,500 20,000

Jet velocity
Uo (m/s) 13.2 4.84 2.07 13.2 50.0 10.0

Turbulence
intensity at
the jet exit

10% 10% 10% 40% 10% 10%

Integral
length scale at

the jet exit
0.0625D 0.0625D 0.0625D 0.0625D 0.0625D 1.25E-3D

Coflow
velocity

0.04Uo 0.10Uo 0.04Uo 0.11Uo 0.01Uo 0.04Uo

Turbulence
intensity at
the coflow

boundary sur-
face

5% 5% 5% 7% 5% 10%

Integral
length scale at

the
coflow boun-
dary surface

0.0625D 0.0625D 0.0625D 1.0000D 0.0625D 1.25E-3D

Grid label V5 V5 V5 V5 V5 V9

Table 3.4:Summary of the computations at different blockage ratios.
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3.4.1 Comparison with experiments

Figure 3.13 shows the computed recirculation lengths, along with the experimental results
of previous works measured in the turbulent regime [Carmody64, Chigier64, Davies71,
Durao78, Ko78, Li87, Berger90, Stroomer95, Sheen96]. According to the measurements of
Durão and Whitelaw [Durao78] and Li and Tankin [Li87], for flows in the turbulent regime,

Grid label
Radius of

computational
slice (mm)

Height of
computational

slice (mm)

Grid points in
radial direc-

tion

Grid points in
axial direction

Total number
of grid points

V5 85 130 69 131 27,000

V9 800 1,300 106 101 32,000

Table 3.5:Description of the grids V5 and V9.

Figure 3.12: Grid V9 and boundary conditions. The arrows indicate the inflow position of
the jet and the coflow for the case Re=20,000 and BR=0.99.
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the recirculation length depends only on the blockage ratio, and very weakly on the Rey-
nolds number. Table 3.6 specifies the Reynolds numbers and the blockage ratios of the ex-
periments.

Two intervals can be identified by looking at the experimental values in Fig. 3.13: in the
range of blockage ratio between 0 (i.e., a disk immersed in a uniform flow) and 0.25 the
recirculation length can be represented by the linear fitting function

. In the range between 0.20 and 0.89 the fitting function is

. The change in slope near BR=0.25 is probably due to the vanish-
ing influence of the outer boundary of the annular jet on the recirculating flow, when the
blockage diminishes. There is a small spread of the experimental results around the mean
(solid line), which may be attributed to the fact that the various experiments were conducted
at different Reynolds numbers.

In the blockage ratio range between 0.3 and 0.7 the computed recirculation lengths agree
quite well with the experimental results, indicating that the assumption of an axisymmetric
flow and the modeling of the air entrainment with a coflow are adequate approximations of
reality. In contrast to the simulations at low blockage ratio, the predicted recirculation
length for the blockage ratio of 0.89 differs, by a significant percentage, from the measured
value [Stroomer95]. This may be attributed to the flow asymmetry, which was observed in
the measurements that will be shown in the next chapter 4.

Figure 3.13: Comparison of computed recirculation lengths with experiments.
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3.4.2 Relation between recirculation length and blockage ratio

Figure 3.14 shows the relation between the blockage ratio and the ratio of inertia to pressure
force . The values were taken from the simulations. The inertia forces scale with

, while the pressure forces scale with ∆pD2, where ρ is the fluid density and
∆p is the maximum pressure difference between the reference pressure and the pressure in-
side of the recirculation zone. It is evident, that when the blockage ratio is increased, the
pressure forces become stronger than the inertia forces, so that the fluid is more intensely
entrained back towards the disk. As a consequence, the recirculation length becomes small-
er (Fig. 3.15) .

3.5 Discussion

This chapter dealt with steady axisymmetric simulations of an annular jet of blockage ratio
0.89 and Reynolds number 4,400 (described in section 1.5), and of annular jets having
smaller blockage ratios.

A sensitivity analysis was carried out on the annular jet of blockage ratio 0.89 and Reynolds
number 4,400 to find out simple boundary conditions to be used in three-dimensional com-
putations of the next chapters. It was shown that the effect of the air entrainment on the re-
sults can be reproduced by a low velocity coflow (Fig. 3.5). The the annular jet can be
reasonably modeled with a jet having a flat profile of the axial velocity component and zero
radial velocity (Fig. 3.6). The turbulent quantities of the jet have a small influence on the

Authors BR Re = Uo(Do-D)/ν

Carmody (1964) 0 (*) UD/ν = 70,000

Berger, Scholz and Schumm (1990) 0 (*) UD/ν = 210,000

Davies and Beér (1971) 0.11, 0.25, 0.54
Re not specified;
flow is turbulent

Durão and Whitelaw (1978) 0.19, 0.39, 0.51 3,500 ÷ 14,800

Ko and Chan (1978) 0.20 110,000

Sheen, Chen and Jeng (1996) 0.23 1,500 ÷ 5,500

Chigier and Beér (1964) 0.44 100,000

Li and Tankin (1987) 0.52, 0.72 1,600 ÷ 4,300

Stroomer (1995) 0.89 4,400

Table 3.6:Summary of experiments on turbulent annular jets at different blockage ratios.

(*): Disk of diameter D normal to uniform stream of velocity U

Fi Fp⁄
ρ Do

2
D

2
–( )Uo

2
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Figure 3.14: Inertia to pressure force ratio vs. blockage ratio.

Figure 3.15: Recirculation length vs. force ratio
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results (Fig. 3.7), as well as the choice of the turbulence model (Fig. 3.10). These results are
not affected by discretization (Fig. 3.8).

A comparison of the computed fluctuations with the measured values indicate that steady
computations can not accurately predict the large fluctuation level (Fig. 3.11), associated
with the shedding behavior of the vortical structures.

The experiments presented in chapter 4 will show that the time averaged annular jet flow
under investigation is asymmetric. Therefore, the axisymmetric computations are not accu-
rate for capturing the mean quantities. This is evident in the systematic overprediction of
the recirculation length. Instead, at lower blockage ratios the recirculation length is well
captured (Fig. 3.13), indicating that the assumption of an axisymmetric flow field is ade-
quate.
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4 Visualization of flow asymmetry in high

blockage ratio annular jets

4.1 Introduction

This chapter deals with steady three-dimensional simulations of the annular jet described in
section 1.5. Together with LDA measurements performed at our Laboratory the features of
the time averaged flow field are described and discussed. A significant result of this chapter
is the observation of flow asymmetry in the vicinity of the bluff-body.

A detailed characterization of the flow field at the annular jet outlet and at the side of the
annular jet device is employed. This characterization and the results of the previous chapter
3 serve as a justification for the simplified boundary conditions used in the unsteady simu-
lations of following chapters 5 and 6. In that chapters, the annular jet is modelled with a
uniform axial velocity profile, and the external air entrainment is modelled with a low ve-
locity coflow.

First, the simulation characteristics are described (section 4.2). Then the results of the simu-
lations are shown (section 4.3) and discussed (section 4.4).

4.2 Description of the annular jets simulations

This section describes the features of the steady three-dimensional simulations. Six differ-
ent simulations (cases) were conducted and are described in Table 4.1.

In the case 1 the computational domain was above the bluff-body disk and did not include
the region of the collector tube. The annular jet was modeled with an axial jet with flat pro-
file and the air entrainment was modeled with a coflow of velocity 0.04Uo, in analogy with
the computations of chapter 3. The computational domain had a shape of a truncated cone
and had a five-block butterfly grid structure. Fig. 4.1 shows the details of the computational
domain and the boundary condition for this case.

Detailed LDA measurements at the jet nozzle showed a quasi-parabolic radial profile of the
axial velocity. However, differences of the order of 0.08Uo were observed in the peak val-
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ues along the annular nozzle. This indicates that a certain level of non-uniformity in the az-
imuthal distribution of the axial velocity at the jet nozzle must be taken into account.
Therefore, simulations were conducted with a similar (i.e., 0.18Uo) numerically imposed
variance of the exit velocity at the jet periphery (Type of annular jet: non-uniform in azi-
muthal direction; case 2), and keeping the same total mass flow of the experiments. The re-
maining features of the computations were the same as in case 1.

The computational domain in case 3 included both the regions below (in the collector tube,
Fig. 1.4) and above the bluff-body disk. The three-dimensional multiblock computational
domain is shown in Fig. 4.2. 13 grid blocks were used with about 1 million grid points in
total. 13 grid points were put in radial direction along the annular slot of 2.5 mm thickness.
Fig. 4.3 is a cross section of the computational domain through the symmetry axis. In the

Case 1 2 3 4 5 6

Region before the disk no no yes no no no

Type of annular jet flat

non-uni-
form in

azimuthal
direction

not im-
posed

flat flat flat

Type of model for the air
entrainment

coflow of
velocity
0.04Uo

coflow of
velocity
0.04Uo

added re-
gion of ex-

tension
0.8D

coflow of
velocity
0.04Uo

coflow of
velocity
0.04Uo

coflow of
velocity
0.04Uo

Shape of the computa-
tional domain above the

bluff-body

truncated
cone

truncated
cone

cylinder
truncated

cone
truncated

cone
cylinder

Width of computational
domain

min. 3D
max. 7.5D

min. 3D
max. 7.5D

3D
min. 3D

max. 7.5D
min. 3D

max. 7.5D
15D

Length of computational
domain

5D 5D 3D 5D 5D 15D

Turbulence model k-ε k-ε k-ε
Kato

Launder
k-ε

k-ε k-ε

CFD code CFX-TF CFX-TF CFX-TF CFD-ACE CFX-TF CFX-TF

grid type
5 blocks;
butterfly

5 blocks;
butterfly

13 blocks;
butterfly

5 blocks;
butterfly

1 block;
O-type

5 blocks;
butterfly

Total number of grid
points

200,000 200,000 1,000,000 900,000 20,000 200,000

Table 4.1:Details of the steady three-dimensional simulations. CFX-TF= CFX-TASCflow
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same figure the boundary conditions are described. It was observed that the computed
boundary layer at the collector tube did not exceed the size of the first near wall cell, there-
fore being much smaller than the annular slot. In the multiblock structure a large region was
included to the side of the annular jet device for a more realistic modeling of the external
air entrainment flow.

The inflow boundary condition put at the entry of the contraction tube was a uniform axial
flow with velocity 1.759×10-1 m/s. This velocity corresponded to a volumetric flow of
8.55×10-3 m3/s (see section 1.5). The turbulent intensity at the inflow surface was set to 5%
with an integral length lo=0.1 m. Wall and free-slip boundary conditions were also used. At
the free-slip boundaries both the velocity gradients normal to the boundaries and the veloc-
ity component normal to the boundary are zero. Moreover, at these boundaries a zero dif-
fusive flux is imposed for the additional transport quantities k and ε. At the outlet, a non-
reflective outflow boundary condition with zero inflow was put. Zero inflow means that a
free-slip boundary condition is automatically put at the outlet boundary faces at which the
momentum equations would result in an entering flow. This particular condition was cho-
sen for reasons of numerical stability.

Case 4 used a different CFD code, turbulence model and grid resolution.

The computational grid in case 5 had was coarser than the other and had a one-block O-type
(polar) structure.

Figure 4.1: Axial cross section of the computational domain and boundary conditions
(case 1).
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Finally, in order to study the far field features of the flow and the influence of the far field
boundary conditions, simulations were conducted using a larger computational grid (case
6).

In all the computations the near wall flow was handled with the log-law and the correction
technique proposed by Grotjans and Menter [Grotjans98]. For the spatial discretization of
the steady state equations (section 2.5) a second order skew upwind differencing scheme
was used.

4.3 Results

4.3.1 Profiles on the symmetry axis

For the plots in the sequel, the system of reference is defined as to have the origin at the
bluff-body disk center. The z-axis is identical to the symmetry axis and the xy-plane (z=0)
lies on the disk surface plane. The reference velocity Uo is equal to 13.2 m/s.

The axial velocity profile on the symmetry axis is shown in Fig. 4.4. These are the results
of the case 3. In analogy to the profiles of chapter 3, a comparison is made with the exper-
imental data. However, in addition to the data of Stroomer [Stroomer95], the data of newly
conducted LDA measurements are shown [DelTaglia02]. These experiments were conduct-
ed at our Laboratory.

Figure 4.2: Multiblock structure of the three-dimensional computational domain (case 3).
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The velocities were measured by scanning a grid with 11×9 nodes on a plane through the
symmetry axis. Additionally, the velocity components on the symmetry axis were measured
with a higher point resolution. Approximately 10,000 shots were taken at each measuring
point. From the collected point data mean and r.m.s. values of the three velocity compo-
nents could be computed. The errors in the mean values and in the r.m.s. values were within
a ±5% range and a ±10% range, respectively.

It can be observed from Fig. 4.4, that the recirculation length is overpredicted by 50%, as it
was in the axisymmetric simulations (chapter 3). The other computations which used a flat
velocity profile for the annular jet (cases 1, 4, 5 and 6) presented substantially the same ex-
tent of overprediction. This error is due to the inaccurate representation of the annular jet.
Indeed, case 2 gives very accurate results (Fig. 4.5) as the non-uniform annular jet observed
in the measurements is reproduced in the simulations.

Fig. 4.6 represents the numerical and experimental results of the radial velocity component
on the symmetry axis. Again, only the results of case 3 are shown, as the other computations
show substantially the same features. Both simulations and experiments give similar
shapes: There is a maximum value near the upper border of the recirculation zone and an
asymptotic decrease to zero further downstream. From the non-zero values of the radial
component on the symmetry axis it must be concluded that the mean flow is not axisym-
metric in the region where recirculation takes places. It must be stressed out that the numer-

Figure 4.3: Axial cross section of the computational domain and boundary conditions
(case 3).
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ical result is based on axisymmetric boundary conditions. We shall expand on this issue in
the sequel.

Figure 4.7 compares the velocity magnitude of the experiments and the simulations (case
3), on the symmetry axis. At the axial position of z/D=0.52 the velocity magnitude of the
axisymmetric simulations is zero, because the axial velocity component vanishes. The val-
ues of the experiments and of the three-dimensional simulations, instead, are in the same
region higher than 0.5Uo and 0.2Uo, respectively. This result not only reinforces the inade-
quacy of the axisymmetric approach, but also points towards the unsuitability of utilizing
the axial velocity distribution on the disk axis of symmetry as the preferred variable for ex-
amining the recirculating behavior of this flow.

4.3.2 Description of the flow asymmetry

Figs. 4.8 and 4.9 show the streamlines of the vectors on different planes through the sym-
metry axis, taken from the results of case 3. The streamlines of the (u,w) vectors on the xz-
plane are shown in Fig. 4.8, while the streamlines of the (v,w) vectors on the yz-plane are
shown in Fig. 4.9. The streamlines on the yz-plane are only slightly asymmetric, while the
asymmetry is evident on the xz-plane, where the streamlines on the symmetry axis are not
parallel to the axis itself. Part of the flow coming from the upper left region of the recircu-
lation torus is moving to the lower right region, giving a net mass flow across the symmetry
axis. The two cross sections of the recirculation torus have different shapes and positions.
The stagnation point on this plane is located approximately at x/D=0.15 and z/D=0.60, i.e.,

Figure 4.4: Axial velocity component on the symmetry axis: Numerical simulations (case
3) and experiments.
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it does not lie on the symmetry axis. The point at which the w-component is zero on the
symmetry axis does not coincide with the stagnation point, as it is for axisymmetric flows.

The experiments of Blum [DelTaglia02] show similar features of asymmetry (Fig. 4.10),
when compared with the numerical results (Fig. 4.8). Note that the coordinate system used
in the measurements does not coincide with the coordinate system of the simulations.

Better results are obtained with case 2, as can be observed from Fig. 4.11, which shows a
streamline plot on a plane through the symmetry axis. The lateral axis is indicated with the
scalar s. There is a strong bending of the streamlines at the jet side with positive s-values
and a nearly straight flow at the jet side with negative s-values. The inversion point of the
axial velocity component on the symmetry axis has dropped to nearly 0.40D, which is very
near to the measured value of 0.38D (Fig. 4.5). The bent jet side in Fig. 4.11 is the side
where the lower velocity was put as boundary condition. On the contrary, the straight jet
side has a high velocity. The high velocity side entrains more fluid than a uniform annular
jet with the same total mass flow. Therefore, the low velocity and low inertia side is bent in
the direction of the high velocity side to supply more fluid.

Another observation is that the asymmetry is an intrinsic feature of the flow at the given
conditions (blockage ratio BR=0.89 and Reynolds number Re=4,400), as it is observed also

Figure 4.5: Axial velocity component on the symmetry axis: Numerical simulations with
a non-uniform annular jet (case 2) and experiments.
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with axisymmetric boundary conditions. However, it can be enhanced (e.g., in the bending
of the jet) by asymmetric boundary conditions.

Fig. 4.12 is a three-dimensional representation of the asymmetric flow obtained in the sim-
ulations of case 3. The two surfaces indicate the locations in the flow at which the normal-
ized velocity magnitude V/Uo is equal to 0.1. The surfaces cover the regions near the
toroidal recirculation core and near the points of stagnation. Three-dimensional streamlines
start from the annular jet at azimuthal angles of 0 and π. Again it can be seen that there is
flow from the top of one torus side to the bottom of the other side. Moreover, it is evident
that the stagnation region lies out of the symmetry axis and has a “sausage” shape instead
of a nearly spherical shape, as it would be expected in an axisymmetric flow.

At this point a precise definition must be given for the recirculation length. The recircula-
tion length for the annular jet is in general the distance between the disk and the stagnation
region. In an axisymmetric flow the stagnation point lies on the symmetry axis and is iden-
tical with the inversion point of the axial component of the velocity on this axis. However,
in an asymmetric flow these two points are not identical (see e.g. Fig. 4.10). As a conse-
quence, the distance between the bluff-body and the axial inversion point is in general not
the recirculation length.

The azimuth angle α of a vector on the symmetry axis is the angle between the vector itself
and the xz-plane. It is given by the expression α=arctan(v/u). The values of the azimuth an-
gle on the symmetry axis are shown in Fig. 4.13. Between z/D=0.1 and z/D=1 the experi-

Figure 4.6: Radial velocity component on the symmetry axis: Numerical simulations
(case 3) and experiments.
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Figure 4.7: Velocity magnitude on the symmetry axis: Numerical simulations (case 3)
and experiments.

Figure 4.8: Streamlines of (u,w)-vectors on the xz-plane (case 3).
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mental values increase slightly from 1.2 to 1.4, while the calculated values have a maximum
at a=0.4 and decrease to 0.15. Now, the shift between experimental and numerical results
can be reduced and the sign of the curves slopes can be inverted by choosing an appropriate
system of coordinates (see the dashed curve in Fig. 4.13). So, due to the small slopes of the
curves inside of the recirculation zone it can be concluded, that in first approximation the
angles are constant, i.e., the (u,v)-vectors on the symmetry axis lie all on the same plane,
which is rotated by α from the xz-plane. Moreover, the vectors on this plane are all oriented
to the same half of the plane. This indicates the existence of a preferred flow direction, as
already observed in Fig. 4.12.

The skin friction lines on the disk are represented in Fig. 4.14. Basically, they are the
streamlines on the nearest grid plane parallel to the disk. The curves indicate the direction
of the stresses that the fluid exerts on the solid structure. The center of the disk is character-
ized by a circle. The friction lines point almost exactly radially outwards. Therefore, al-
though the flow is asymmetric in the recirculation zone far from the disk, it exerts on it
stresses with relatively axisymmetric directions.

4.3.3 Characterization of the flow at the annular rim

Figs. 4.15, 4.16 and 4.17 show contour plots of the three velocity components at the annular
rim (z=0). The values of the axes are the radial and azimuthal coordinates. The radial posi-
tions are normalized with the disk diameter D=80 mm.

Figure 4.9: Streamlines of (v,w)-vectors on the yz-plane (case 3). This plane is perpendic-
ular to the plane of Fig. 4.8.
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Figure 4.10: Streamlines on a plane through the symmetry axis. The streamlines are com-
puted from the results of LDA measurements.

Figure 4.11: Non-uniform velocity profile at the annular jet nozzle (case 2). Computed
streamlines on a plane through the symmetry axis.
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From the contour plots it can be observed that the flow at the rim is not axisymmetric. There
are islands of radial velocity peaks located near the solid walls (Fig. 4.16). Also the axial
velocity component is slightly asymmetric (Fig. 4.15). The highest axial velocity is below
1.3 Uo and is located near the outer edge of the jet (i.e., near the inner wall of the tube). The
presence of the wall forces the flow to be more axisymmetric in its vicinity, as the contour
lines are horizontal. Although there is a slight asymmetry at the annular jet rim the flow
does not swirl, as the azimuthal velocity components are negligible (Fig. 4.17),

The feature of symmetry near the wall was observed also in the vicinity of the disk surface
(section 4.3.2). It may be that in a condition of low velocity (low Reynolds number) the flow
is able to maintain the axial symmetry which is imposed by the axisymmetric geometry and
boundary conditions.

It is also evident from the contour plot of radial velocity component that the direction of
flow at the annular rim is slightly deviated from the axial direction. Due to the large expan-
sion the flow points towards the symmetry axis at the inner jet edge and radially outwards
at the outer jet edge. Other authors [Davies71, Durao78, Taylor84, Li87] have observed that
the flow direction at the annular rim has a direct impact on the flow behind the bluff-body.
However, these are observations of measurements on low blockage ratio annular jets. Other
three-dimensional simulations with a perfectly uniform and axial jet (cases 1, 4, 5 and 6) on
the high blockage ratio annular jet under consideration have shown that the flow is not sig-
nificantly affected by the radial component. In particular, the inversion point of the axial

Figure 4.12: Three-dimensional streamlines coming from the jet rim at azimuth angles of
θ=0 and θ=π. The isosurfaces indicates the locations at which the flow has ve-
locity module of 0.1Uo. Results of the simulations of case 3.
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Figure 4.13: Azimuth angles of the velocity vectors on the symmetry axis. Numerical (case
3) and experimental results.

Figure 4.14: Skin friction lines on the disk. Results of the simulations of case 3. The small
circle in the middle of the plot indicates the position of the disk center.
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Figure 4.15: Distribution of the axial velocity component w/Uo at the jet nozzle exit. Re-
sults of the simulations of case 3.

Figure 4.16: Distribution of the radial velocity component ur/Uo at the jet nozzle exit. Re-
sults of the simulations of case 3.
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velocity component on the symmetry axis and the asymmetric flow feature remain un-
changed.

4.3.4 External air entrainment

Figs. 4.18, 4.19 and 4.20 show contour plots of the three velocity components at the far disk
region on the xy-plane (z=0). Low values are observed for all components. While the radial
velocity component is quite axisymmetric, the axial component indicates that an asymmet-
ric entrainment takes place. This is likely to be due to the asymmetries of the jet and of the
recirculation zone.

Three-dimensional simulations for which the air entrainment was modeled with an axial
uniform low velocity coflow of magnitude 0.04Uo (cases 1, 4, 5 and 6) have shown that the
flow is not significantly affected by the characteristics of the air entrainment.

4.3.5 Far field results

Fig. 4.21 presents the lateral profiles of the axial velocity component in the far field region.
These are the results of the computations of case 6, presented as self-similarity plots. The
axial velocity is normalized with the maximum axial velocity [Ko78]. Note that in the far
field region the maximum velocity is located on the symmetry axis as the flow becomes
more symmetric. The lateral component x is normalized with x0.5. This is the positive value
of x, for which the axial component is equal to 0.5Uo.

It can be observed in Fig. 4.21, that the curves are very similar to each other. The shape of
the profiles is identical with the shapes of round jets. However, even in the far field region

Figure 4.17: Distribution of the azimuthal velocity component uθ/Uo at the jet nozzle exit.
Results of the simulations of case 3.
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they are not perfectly symmetric to the x=0 axis. Apparently, these far field profiles are in-
fluenced by the strongly asymmetric recirculation zone.

4.4 Discussion

This chapter focused on three-dimensional steady simulations of the annular jet flow behind
the disk under consideration. The simulations together with LDA measurements conducted
at LTNT have shown that the flow inside the recirculation zone is asymmetric at our spe-
cific conditions (Re=4,400 and BR=0.89).

This feature needs now to be discussed more in detail through other related works. Asym-
metric flows originating from symmetric geometries and boundary conditions have been
observed in the past [Cherdron78, Restivo78, Pinho91, Goodwin96, Drikakis96,
DeZilva00, Schreck00, Sotiropoulos01, YuGelfgat01]. The flow asymmetry is one of the
possible solutions of the non-linear problem expressed by the Navier-Stokes equations
[Goodwin96]. Extensive experimental and numerical studies have been undertaken for the
symmetric plane sudden expansion configuration [Cherdron78, Restivo78, Drikakis96,
DeZilva00, Schreck00]. A key observation is that for high expansion ratios or high Rey-
nolds numbers, the flow is more prone to become and remain asymmetric.

For confined annular jets, flow asymmetry has been observed by Pinho and Whitelaw
[Pinho91]. In their work, the blockage ratio was 50%. The authors performed LDA mea-
surements of a water flow and a water-carboxy methyl cellulose mixture for analyzing the

Figure 4.18: Distribution of the axial velocity component w/Uo in the vicinity of the annu-
lar jet device (z=0). Results of the simulations of case 3.
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differences between Newtonian and non-Newtonian flows. In the range of Reynolds num-
bers between 400 and 6,000 the pure water flow exhibited an asymmetric flow field. The
authors identified oscillations with a Strouhal number of St=0.094 (the Strouhal number is
the frequency normalized with the disk diameter and the annular jet velocity) in this range.
They associated these oscillations to the propagation of instabilities shed from the disk
edge, which are responsible for the asymmetry, as explained by Cherdron et al.
[Cherdron78]. In contrast to the results obtained for the symmetric plane sudden expansion,
for which the asymmetry persists also in the turbulent regime [Restivo78], the confined an-
nular jet shows a limited range of Reynolds numbers where the flow is asymmetric. We
shall further discuss the issue of flow asymmetry in the following chapters 5 and 6, after we
present results from three-dimensional unsteady simulations.

Good predictions of the mean axial velocity profile on the symmetry axis were obtained by
using a non-uniform boundary condition for the annular jet (Fig. 4.5). Indeed, detailed LDA
measurements on the annular jet device indicated differences in the peak values of the axial
velocity. However, the asymmetry is an intrinsic feature of the flow under investigation as
it could be observed also using axisymmetric boundary conditions. Setting asymmetric
boundary conditions only enhances the flow asymmetry.

The flow is only slightly affected by the type of boundary conditions imposed for the annu-
lar jet and the external air entrainment in the steady three-dimensional simulations. The in-
version point of the axial velocity component is even negligibly affected.

Figure 4.19: Distribution of the radial velocity component ur/Uo in the vicinity of the annu-
lar jet device (z=0). Results of the simulations of case 3.
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Far field visualization shows that asymmetry diminishes more downstream. However, a
certain level of asymmetry persists also in the far field region.

Figure 4.20: Distribution of the azimuthal velocity component uθ/Uo in the vicinity of the
annular jet device (z=0). Results of the simulations of case 3.

Figure 4.21: Self-similarity profiles in the far field region. The axial velocity and the lateral
position are normalized.
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5 Analysis of flow fluctuations

5.1 Introduction

The most comprehensive simulations ever performed on an annular jet of high blockage ra-
tio are presented in this chapter. The result of three-dimensional Unsteady RANS calcula-
tions on the annular jet described in section 1.5 are shown and discussed.

The analysis is focused on the dynamics of the flow and on the effect of unsteadiness on the
mean quantities. On this respect, the time mean quantities are compared with the experi-
mental data of Stroomer [Stroomer95] and with the results of LDA measurements per-
formed by Blum at LTNT, which are only partially described in Ref. [DelTaglia02]. Based
on the computed autocorrelation function and its Fourier transform the presence of coherent
structures of a specific frequency is identified.

The details of the simulations are described in section 5.2. Then the numerical results are
presented (section 5.4) and discussed (section 5.5). Section 5.3 serves for clarifying how ex-
perimental and numerical results of the radial velocity can be compared.

5.2 Description of the annular jet simulations

This section describes the features of the unsteady three-dimensional simulations. The com-
putations were performed with the code CFX-TASCflow.

5.2.1 Approaches for the turbulent stresses

As shown in section 2.4, there are different approaches for modeling the turbulent Reynolds
stresses. For the unsteady simulation presented here three approaches were used: the ap-
proaches with the Standard k-ε model (section 2.4.2), the no-model approach (section 2.4.1)
and the SSG-Reynolds Stress model approach (section 2.4.3).

In the no-model approach, the Reynolds Stresses are set to zero. So, there are no modeled
fluctuations, and the total and coherent fluctuations are identical. On the other side, the ap-
proaches with the Standard k-ε model or the SSG-Reynolds Stress model provide modeled
fluctuations.
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With the no-model approach a specific modeling technique for the near wall region flow
was not necessary. For the two turbulent approaches the flow was handled with the log-law
and the correction technique proposed by Grotjans and Menter [Grotjans98].

5.2.2 Grids

For the computations multiblock grids with three different mesh sizes were used. The grids
consisted of five blocks in total. The block in the central region included the symmetry axis
of the annular jet device, and four blocks were attached around the central block (“butterfly”
configuration). The multiblock structure was preferred to a one block O-grid, because it
provides greater cell size uniformity. The three different meshes have sizes of 202,826
points, 402,696 points and 879,795 points, and are referred in the sequel as coarse, medium
and fine mesh, respectively (Table 5.1). The number of grid points in radial direction along
the annular slot were 13, 10 and 9, respectively for the fine, medium and coarse grid.

Fig. 5.1 shows the coarse grid as an example. All three grids have the shape of a truncated
cone. The smaller circular surface is put at the height of the bluff-body disk plane (z=0).
The larger circular surface is the outlet of the computational domain. Fig. 5.2 indicates the
dimensions of the grids.

5.2.3 Boundary conditions

Fig. 5.2 is a cross section of the computational domain through the symmetry axis. In the
same figure the boundary conditions are described. As observed, the domain is above the
bluff-body disk plane. The flow at the annular jet nozzle was modeled with a uniform axial
jet and the external air entrainment was modeled with a uniform low velocity coflow. Based
on the parametric study with steady axisymmetric simulations (chapter 3) and on the results
of the three-dimensional simulations (chapter 4) we can state that these boundary conditions
are realistic to capture the mean quantities with sufficient accuracy. The velocity of the uni-
form axial annular flow was Uo=13.2 m/s (in z-direction). This velocity corresponded to a
volumetric flow of 8.55×10-3 m3/s (see section 1.5). The simulation code avoids problems
connected with the discontinuity of the velocity profile near the jet edge, by employing a
surface centered integration point discretization technique. This technique interpolates the
cell vertex values and guarantees a smooth distribution of the velocity profile. The coflow
had a velocity of 0.04Uo in axial direction and zero velocity in radial and azimuthal direc-
tion.

Central block 4 surrounding blocks
Total

I J K I J K

Fine 21 21 95 105 21 95 879,795

Medium 17 17 72 78 17 72 402,696

Coarse 13 13 58 64 13 58 202,826

Table 5.1:Description of the three used meshes.
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In the two turbulent approaches the turbulent intensity at the inflow surface was set to 10%
with an integral length lo=0.06D. This choice has been made guided by the measurements
[Stroomer95] in the nearest available position. The low velocity coflow (external air en-
trainment) had a turbulent intensity of 5% and an integral length of 0.06D.

At the lateral surface of the truncated cone shaped domain a free-slip boundary condition
was set. At the free-slip boundaries both the velocity gradients normal to the boundaries and
the velocity component normal to the boundary are zero. Moreover, for the two turbulent
approaches this condition implies a zero diffusive flux imposed for the additional transport
quantities. These additional quantities are k and ε for the Standard k-ε model, and the six
Reynolds Stresses τij and ε for the SSG model.

At the outlet, a non-reflective outflow boundary condition with zero inflow was put. Zero
inflow means that a free-slip boundary condition is automatically put at the outlet boundary
faces at which the momentum equations would result in an entering flow. This particular
condition was chosen for reasons of numerical stability.

5.2.4 Summary of the unsteady computations

Table 5.2 summarizes the performed computations. Except for the k-ε simulations, compu-
tations with all mesh sizes were carried out. As will be shown later, the fine grid unsteady
k-ε simulations converged to a steady computation, and was therefore not of further interest.
With the no-model approach an additional coarse grid computation with a smaller time step
was employed to investigate the time step effect.

Figure 5.1: Computational grid with approximately 200,000 mesh points. This grid is re-
ferred as coarse grid.
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The space discretization scheme was second order skew upwind. With this scheme Le-
schziner’s steady simulations of an annular jet [Leschziner81] resulted in mean quantities
that were more accurate than a Central Differencing Scheme (CDS). The time discretization
was second order implicit for the computations with the no-model approach and the Stan-
dard k-ε model. Due to constraints of the CFD code the computations with the SSG model
were first order in time.

The unsteady computations needed to pass an initial transient before reaching the final sta-
tionary state characterized by oscillations around a time average. For the postprocessing of
the transient data it was necessary to reach the stationary state. Therefore, Tab. 5.2 specifies
both the amount of totally collected time steps and the amount of time steps in the stationary
state only. The stationary state was assumed to be reached when all three velocity compo-
nents at specific monitor points in the flow oscillated around a mean.

It was observed that the axial velocity component on the symmetry axis reached the statio-
nary state earlier than the other two lateral components. For this reason, Tab. 5.2 specifies
additionally how many time steps were in that specific last time interval, in which only the
axial component w was stationary. This interval is indicated with “w-stationary state”.
When it was not possible to collect sufficient time steps for all the three components, the
analysis was restricted to the axial component and therefore only the data in the w-station-
ary state were taken.

Figure 5.2: Axial cross section of the computational domain and boundary conditions.
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The feature of reaching the w-stationarity earlier than the u- and v-stationarity implies that
in that specific computations the flow was characterized by lateral oscillation modes of
higher wavelength then in the axial direction. However, it has been observed that the instan-
taneous value of the radial velocity ur (computed from the instantaneous values of u and v)
reached stationarity almost as early as the axial velocity component. This means that the

k-ε no-model SSG-RSM

fine coarse coarse medium fine coarse medium fine

Time step (seconds) 4·10-4 10-4 10-5 10-4 4·10-4 10-4 10-4 10-4

Time step (D/Uo) 6.6·10-2 1.7·10-2 1.7·10-3 1.7·10-2 6.6·10-2 1.7·10-2 1.7·10-2 1.7·10-2

Space discretization
order

2nd 2nd 2nd 2nd 2nd 2nd 2nd 2nd

Time discretization
order

2nd 2nd 2nd 2nd 2nd 1st 1st 1st

Total time steps 3,700 16,000 20,000 11,000 6,700 25,000 3,200 5,600

Time steps in the
stationary state

- 8,000 20,000 0 3,200 0 3,200 0

Time steps in the
w-stationary state

- 12,000 20,000 11,000 6,000 20,000 3,200 4,000

Number of parallel
processes

1 2 4 2 2 2 1 4

Required RAM (MB) ~800 ~290 ~310 ~560 ~1,200 ~300 ~380 ~1,300

Processor type HP-25 Alpha PC600 PC800 Alpha HP-SD Alpha Alpha

CPU time
per time step (min.)

4.5 1.0 2.8 7.5 6.3 5.6 7.2 9.0

CPU time per time
step on PC800 (min.)

~14 ~3 ~3 7.5 ~19 ~6 ~12 ~25

Total CPU time on
PC800 (days)

~36 ~33 ~41 57 ~88 ~104 ~26 ~97

Table 5.2:Details of the unsteady simulations.
Alpha=Compaq Tru64, Alpha processors; HP-SD=HP-Superdome, PA8600 (550 MHz)
processors; HP-25=HP V2500SCA, PA5800 processors, PC600=PC Intel Pentium 3 (600
MHz) processors; PC800=PC Intel Pentium 3 (800 MHz) processors
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long wavelength oscillations are due to long period oscillations in the azimuth angle and not
due to changes in the radial and axial components.

The next two rows in the table give details on the number of parallel processors used and
the amount of RAM allocated. Note that the allocated memory depends on the type of ap-
proach, the mesh size and the parallelization. The type of approach influences the amount
of memory through the number of additional transport equations (no additional equation in
the no-model approach, 2 equations for the k-ε model, 7 equations for the RSM). The par-
allelization algorithm requires also a relatively large amount of additional memory.

The last row is an estimation of the CPU time required per time step if the simulation would
be performed with 2 parallel processes on a two 800 MHz Pentium 3 processors PC.

5.3 Computation of the averaged radial velocity and its fluctuation

In the sequel the computational results are compared with experimental results of LDA
measurements on the symmetry axis. A comparison of axial velocity components is
straightforward, because the symmetry axes in the measurements and the simulations are
identical. They correspond both to the z-axis. However, as the flow is asymmetric and the
xy-axes are not identical, a comparison of the lateral velocity components is not possible.
In the previous chapter 4 radial velocities were compared. The radial velocities were com-
puted using the expression

(5.1)

Although the coordinate systems are not coincident a comparison of the radial velocity was
possible because the expression is invariant with the coordinate sys-
tem.

It can be shown that also the expression

(5.2)

is invariant with the coordinate system and can be used for a comparison of the lateral fluc-
tuations between simulations and experiments. The index “tot” indicates total fluctuation,
i.e., both high and low frequency fluctuations (see section 2.2).

The total fluctuations of the two lateral components can be computed with the formulas

(5.3)

(5.4)

for both measurements and computations, and the sum of both fluctuations is invariant to
coordinate transformations. ui and vi are the instantaneous velocities, N is the number of
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collected velocity values in a specific position. Therefore, in the unsteady computations N
is the number of equidistant time steps considered for the statistics.

As the postprocessing of the LDA data consists in computing mean and r.m.s. values with-
out applying any low frequency filtering, the fluctuations available from the measurements
are total fluctuations. On the other side, in the unsteady computations the total fluctuations
are computed from the coherent (or deterministic) and the modeled turbulent (or stochastic)
fluctuations. For example, in the case of the u-component

(5.5)

In the no-model approach the modeled fluctuations are zero and therefore the coherent fluc-
tuations are total fluctuations.

In some computations u- and v-stationarity was not reached. In that cases, the comparison
with experiments was made on the basis of the averaged value of the instantaneous radial
velocity component. As observed before, the radial velocity reaches stationarity earlier than
the u and v components. The averaged value of the radial velocity can be computed through
the invariant expression

(5.6)

Also the fluctuation of the radial velocity component

(5.7)

is invariant, and can be used for a comparison.

5.4 Results

The presentation of the results is divided into three sections dedicated to the three used ap-
proaches. A last section deals with the comparison of the no-model approach and the turbu-
lent approach with the SSG-Reynolds Stress Model.

5.4.1 Turbulent approach with the Standard k-ε model

This short section presents the results obtained with the turbulent approach and the Standard
k-ε model. The results are taken from the computations with the fine grid.

The axial velocity signal on the symmetry axis at a height of z/D=0.2 is shown in Fig. 5.3.
It is evident that after an initial oscillatory transient the flow reaches a steady state with neg-
ligible coherent fluctuations.

It can be observed that the oscillations in the initial transitory state have periods around 0.1
s, which is close to the periods in the computations with the no-model approach shown later.
This strengthens the conclusions of the existence of a dominant frequency present in this
flow.
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The results of the radial components are not shown here. However, the axial profile of the
radial velocity is qualitatively identical to the steady three-dimensional simulations (chapter
4) performed with another grid. Also with this approach asymmetry is observed.

After the initial transient the fluctuations are damped in these simulations. It must be con-
cluded that there is a large dissipation introduced in these computations through the turbu-
lent viscosity νeff (see Eq. 2.18 in chapter 2), which finally leads the unsteady simulation to
a steady state. Other works [Kato93, Lakehal01] have already observed that the Standard k-
ε model is very dissipative, since the turbulent kinetic energy k is overpredicted. This is due
to the large production term in the transport equation of k (Eq. 2.21 in chapter 2).

The results of the time averaged axial velocity on the symmetry are shown in Fig. 5.4. Note
that a direct comparison with the experiments is not possible, as the computations are based
on a uniform and axisymmetric annular jet, while in the experiments the axial velocity at
the annular nozzle is non-uniform in azimuthal direction (chapter 4).

5.4.2 No-model approach

In this section the results of the no-model approach are shown. First the averaged quantities
on the symmetry axis are presented (subsections 5.4.2.1 and 5.4.2.2). Then the autocorrela-
tion function of the axial and radial velocity components and its Fast Fourier Transform
(FFT) is shown (subsection 5.4.2.3). For these investigations only the stationary data at spe-
cific monitor points in the flow are considered.

Figure 5.3: Turbulent approach with the Standard k-ε model.
Example of a velocity signal.
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5.4.2.1 Mean velocities on the symmetry axis

As a typical velocity signal of the no-model approach, the instantaneous axial velocity on
the symmetry axis at a distance z/D=0.2 from the disk is plotted in Fig. 5.5. The signal is
obtained from the simulations with the fine grid. It is characterized by large fluctuations at
high frequencies, indicating the ability of the no-model approach to capture also fine struc-
tures. The averaged quantities shown later have been computed on the basis of signals like
the one in Fig. 5.5.

The averaged axial and radial velocity components on the symmetry axis are presented in
the Figs. 5.6 and 5.7. The radial velocity profile obtained from the simulations with the me-
dium grid is not shown as u,v-stationarity could not be reached. The experimental data of
Blum [DelTaglia02] are also shown for both velocity components. The data of Stroomer
[Stroomer95] are available only for the axial velocity component.

Note that a direct comparison with the experiments is not possible, as the computations are
based on a uniform and axisymmetric annular jet, while in the experiments the axial veloc-
ity at the annular nozzle is non-uniform in azimuthal direction (chapter 4).

It must be stressed out that the data are shown at the monitor points. In order to reduce the
amount of data storage on the disk and the time loss in file writing, the simulation code
stored at each time step only the flow data at predefined monitor points. Full field informa-
tion was stored every several time steps. Here, the results of the postprocessing of only the
monitor points data is shown, as this data have a better statistics.

The numerical results are fairly grid independent, having very similar results for the medi-
um and fine grids. A comparison between the computations at different time steps but with

Figure 5.4: Mean axial velocity component on the symmetry axis: Computed values (uni-
form jet) and experimental values (non-uniform jet).
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the same coarse grid show negligible differences. Note that Stroomer [Stroomer95] mea-
sured a coherent structures associated frequency of 12 Hz, which is about 3 orders of mag-

Figure 5.5: No-model approach. Example of a velocity signal.

Figure 5.6: Mean axial velocity component on the symmetry axis: Computed values (uni-
form jet) and experimental values (non-uniform jet)
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nitude smaller than the inverse of the time step used in the computations. Therefore, the
choice of the time step is sufficiently accurate.

Concerning the radial velocity, the values are non-zero in the vicinity of the disk and the
profile has a maximum at the far end of the recirculation zone, as it was observed in the
three-dimensional steady simulations. So, flow asymmetry is present also when a time av-
erage is made on the results of unsteady simulations. This proves that the flow unsteadiness
is not able to bring the annular jet back to symmetry.

5.4.2.2 Velocity fluctuations on the symmetry axis

The axial and radial velocity fluctuations on the symmetry axis are shown in Figs. 5.8 and
5.9, respectively. Again, numerical and experimental data are given. The radial fluctuation
obtained from the simulations with the medium grid is not shown as u,v-stationarity could
not be reached.

The data of our LDA measurements at LTNT are provided for both axial and radial direc-
tion. The radial fluctuations measured by Stroomer [Stroomer95] are not shown here. In-
deed, they were based on two-dimensional LDA measurements assuming an axisymmetric
flow field and a radial component on the symmetry axis that was equal to zero. However,
the flow is asymmetric and needs the measurements of both lateral velocity components for
a correct computation of the radial velocity fluctuation. Therefore, Stroomer’s radial fluc-
tuations are not reliable.

The results obtained show a significant statistical spreading, which could be improved by
collecting a longer signal history. Nevertheless, for the finer and medium grid there is evi-
dence of large fluctuation values which fit very good with the experimental data, especially

Figure 5.7: Mean radial velocity component on the symmetry axis: Computed values
(uniform jet) and experimental values (non-uniform jet)
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Figure 5.8: Axial velocity fluctuations on the symmetry axis: Computed coherent fluctu-
ations and experimental total fluctuations.

Figure 5.9: Radial velocity fluctuations on the symmetry axis: Computed coherent fluc-
tuations and experimental total fluctuations.
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in the near disk zone, where recirculation takes place. The results of the coarse grid are
much lower than the other results, indicating that the numerical dissipation is too high for
this grid. In the region far from the disk the grid resolution is lower than near to the disk.
This led to higher numerical dissipation and therefore to the lower coherent fluctuations ob-
tained also for the fine and medium grids.

In the case of the mean values it was observed that experimental and computational were
not comparable. Indeed, the measured flow presents non-uniformities in the jet at the annu-
lar nozzle, while the computations are based on an axisymmetric and uniform jet. Instead,
in the case of the flow fluctuations, a comparison between the experimental and the com-
putational values is possible. Indeed, the fluctuation of the largest vortices is driven by the
Reynolds number based on a characteristic geometric length [Pope00]. In our case this
length is the bluff-body diameter D. The extent of the jet asymmetry at the annular slot has
negligible effect on the fluctuation level. Also the characteristic frequencies (f) of the bluff-
body flow remain unchanged, as they are controlled by the Strouhal number St (St=f·D/Uo)
[Rodi92], which is independent on the presence of asymmetry.

When compared with the axisymmetric steady simulations with the sophisticated SSG-Rey-
nolds Stress Model (Fig. 3.11 in chapter 3), the improvement of accuracy is evident. This
is due to a better representation of the reality by including the unsteady nature of the flow
in the simulations.

5.4.2.3 Velocity time series analysis

In this subsection an analysis of the velocity time series is carried out, through the compu-
tation of autocorrelation functions and their Fast Fourier Transform (FFT).

The autocorrelation function is defined as (see also [Pope00])

(5.8)

being the coherent fluctuations (section 2.2).

The maxima and minima of the autocorrelation function provide the time periods after
which flow structures repeat. Through a FFT of the autocorrelation function it is then pos-
sible to compute the frequencies of moving flow structures. In the particular case of the an-
nular jet these structures can be shedded vortices passing the monitor point, or boundary
layers oscillating around the monitor point.

Fig. 5.10 shows the autocorrelation function of the axial velocity component at different po-
sitions on the symmetry axis and inside the recirculation zone. This function was computed
using the results of the fine grid computation. The first maximum is around t=0.15s and in-
dicates that structures repeat after a time period of 0.15 seconds. This period corresponds to
a frequency of about f=6Hz or a Strouhal number of St=f·D/Uo=0.036. This can be also seen
in Fig. 5.11, where the FFT of the autocorrelation function is shown.

Similar frequencies are obtained after analyzing the results of the medium and fine grid
simulations.
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Figure 5.10: Axial velocity component on the symmetry axis inside the recirculation zone.
Computed autocorrelation functions.

Figure 5.11: Axial velocity component on the symmetry axis inside the recirculation zone.
Fourier analysis of the autocorrelation functions.
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Stroomer [Stroomer95] measured for the same annular jet but with methane-air combustion
a frequency of 12 Hz. We must be aware that the frequency reported by Stroomer in the
combustion case and the frequency obtained in these non-reacting flow simulations must
not necessarily coincide. Indeed, different mean values and the r.m.s. fluctuations values
commonly appear in combusting flows due to strong changes in the density and in the mo-
mentum. However, we can reasonably state that the orders of magnitude of the velocity and
of the size of the large moving vortex structures are not changed by the presence of com-
bustion. Therefore, similar frequencies should be expected in the reacting and non-reacting
cases.

The analysis of the radial velocity oscillations at different axial points is shown in the Figs.
5.12 and 5.13. Again, these results are based on the fine grid computations. It must be
stressed out that the computation of the radial velocity fluctuations needs as input the two
lateral velocity components at the same instant. This is readily done in an unsteady simula-
tion. However, experimentally this can be accomplished only by three-dimensional LDA.

The figures above indicate the presence of radial velocity fluctuations at frequencies again
around f=6 Hz or St=0.036. The medium and coarse grid computations give similar fre-
quencies.

5.4.2.4 Numerical dissipation associated viscosity

The viscosity associated to the numerical dissipation was computed on the symmetry axis,
in order to estimate the effect of the discretization on the computed coherent fluctuations.
This viscosity was computed applying the linear Boussinesq approximation (section 2.4.2)
on the fluctuation loss. The fluctuation loss is the difference between the exact value of the

Figure 5.12: Radial velocity component on the symmetry axis inside the recirculation zone.
Computed autocorrelation functions.
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fluctuation (obtained by an extrappolation of the results for the different computation grids)
and the fluctuation value for a specific grid.

The results are shown in Fig. 5.14. The axial fluctuations and the axial strains were used in
the linear Boussinesq approximation for computing the viscosity. Therefore, the results
show only approximative values, as in the other two lateral directions different viscosity
values may be obtained.

The highest values are obtained at low distances from the disk. This shows that in that re-
gion of large coherent fluctuations a considerable part of the fluctuation is lost by numerical
dissipation. Moreover, it can be observed that the coarse (202,826 points) grid produces nu-
merical viscosity values which are at least 20 times bigger than the values of the fine
(879,795 points) grid. Finer grids would increase this discrepancy as smaller values of the
numerical viscosity would be produced. Consequently, more accurate values of the coher-
ent fluctuations could be achieved.

5.4.3 Turbulent approach with the SSG-Reynolds Stress model

In this section the results of the turbulent approach with the SSG-Reynolds Stress Model
are shown. First the averaged quantities on the symmetry axis are presented (subsections
5.4.3.1 and 5.4.3.2). Then the autocorrelation function of the axial and radial velocity com-
ponents and its Fast Fourier Transform (FFT) is shown (subsection 5.4.3.3). For these in-
vestigations only the stationary data at specific monitor points in the flow are considered.

A typical signal of the turbulent simulations with the SSG-Reynolds Stress Model is repre-
sented in Fig. 5.15. The signal is characterized by stable oscillations, which are not as in-

Figure 5.13: Radial velocity component on the symmetry axis inside the recirculation zone.
Fourier analysis of the autocorrelation functions.
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tense as in the no-model approach. This is due to the introduction of the Reynolds Stresses
τij, which act as diffusive term in the momentum transport equations, numerically produc-
ing damping of the strong fluctuations. Of course, as these stresses are not as large as in the
k-ε model, so the damping is not so high to affect also the large amplitude/low frequency
oscillations.

5.4.3.1 Mean velocities on the symmetry axis

As for the no-model approach, the results of the mean axial and radial velocity components
are shown first (Figs. 5.16, and 5.17).

Since u,v-stationarity was not reached for the coarse and fine grid computations, only the
radial velocity of the medium grid computation are presented in Fig. 5.17. This velocity is
computed on the basis of the two averaged lateral components (Eq. 5.1). In order to show
the results of all computations, Fig. 5.18 presents the averaged values of the radial velocity,
computed with Eq. 5.6. As mentioned before, the radial velocity reaches stationarity earlier
than the single u and v components. Also the LDA results are represented, which are com-
puted with the same equation.

The results show a pronounced grid independence, especially in the near disk region. The
existence of flow asymmetry is again confirmed in these simulations (Figs. 5.17 and 5.18).

Figure 5.14: Values of the viscosity associated to numerical dissipation, on the symmetry
axis. The values are computed with the linear Boussinesq approximation.
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Figure 5.15: Turbulent approach with the SSG-Reynolds Stress model.
Example of a velocity signal.

Figure 5.16: Mean axial velocity component on the symmetry axis: Computed values (uni-
form jet) and experimental values (non-uniform jet).
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Figure 5.17: Mean radial velocity component on the symmetry axis: Computed values
(uniform jet) and experimental values (non-uniform jet).

Figure 5.18: Time average of the radial velocity component on the symmetry axis: Com-
puted values (uniform jet) and experimental values (non-uniform jet).
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5.4.3.2 Velocity fluctuations on the symmetry axis

This subsection deals with the results of the velocity fluctuations on the symmetry axis. At-
tention is focused on the axial velocity fluctuations. These are presented separately, i.e., the
coherent fluctuations in Fig. 5.19, the turbulent fluctuations in Fig. 5.20, and the total fluc-
tuations in Fig. 5.21. The total fluctuations are computed assuming that the large coherent
fluctuationsand thesmallmodeled fluctuations are uncorrelated (Eq. 2.11 in chapter 2).

The results of the coherent and modeled fluctuations indicate that grid independence is not
completely fulfilled. Indeed, the medium and fine grid results are significantly far from each
other. So, computations with grids with higher resolution than 900,000 points are necessary
for a definitive discussion.

However, some trends can be recognized: The upper region of the recirculation zone
(0.25<z/D<0.5) is dominated by small frequency coherent fluctuations. There, the comput-
ed (fine grid) coherent fluctuations reach values of 0.8Uo. However, in the region near the
disk (0<z/D<0.25) there is a common contribution of high and low frequency fluctuations.
The characteristics of the local fluctuations explain the two maxima in the numerical and
experimental profile of the total fluctuations (Fig. 5.21). This feature strengthens the need
of unsteady simulations for these kind of bluff-body flows: a steady simulation would ne-
glect the coherent large eddy fluctuations, which are responsible both for the large values
of total fluctuations and for the peak in the upper recirculation region. Considering both co-
herent and modeled fluctuations leads to total fluctuations, which fit very well with the data
of Stroomer [Stroomer95] and are closer to the fluctuations we measured at LTNT.

Figure 5.19: Axial velocity fluctuations on the symmetry axis: Computed coherent fluctua-
tions and experimental total fluctuations.
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Figure 5.20: Axial velocity fluctuations on the symmetry axis: Computed modeled fluctua-
tions and experimental total fluctuations.

Figure 5.21: Axial velocity fluctuations on the symmetry axis: Computed total fluctuations
and experimental total fluctuations.
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5.4.3.3 Velocity time series analysis

The results of the autocorrelation function and its FFT are presented in the Figs. 5.22 and
5.23. The analysis is based on the results of the axial velocity component on the symmetry
axis taken from the fine grid simulations.

Oscillation frequencies of f≈8Hz or St≈0.05 can be observed, similar to the simulations with
the no-model approach. An additional peak at f≈22Hz is present. However, by looking at
the results of the coarse and medium simulations (Figs. 5.24 and 5.25), this peak constantly
decreases its height when the grid gets finer. So, it may be due to some numerical distur-
bance, which is probably going to die out in simulations with meshes having more than
900,000 grid points. This phenomenon is similar to the one studied by Gresho et al.
[Gresho93]. Through a successive grid refinement they proved that the oscillating behavior
over a backward-facing step at Re=800, previously observed in other simulations
[Kaiktsis91], was numerical and not physical.

On the contrary the 8Hz peak is observed at all grid resolutions and is therefore due to mov-
ing flow structures, as it was in the case with the no-model approach.

5.4.4 Comparison of the no-model and the SSG-RSM approaches

This subsection deals with the comparison of the no-model approach and the turbulent ap-
proach with the SSG-Reynolds Stress Model (SSG-RSM). As mentioned, the Standard k-ε
model has proved to be too dissipative and totally inadequate for predicting the unsteady
flow oscillations.

Figure 5.22: Axial velocity component on the symmetry axis inside the recirculation zone.
Computed autocorrelation functions (fine grid).
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Figure 5.23: Axial velocity component on the symmetry axis inside the recirculation zone.
Fourier analysis of the autocorrelation functions (fine grid).

Figure 5.24: Fourier analysis of the autocorrelation functions (medium grid).
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Figs. 5.26 and 5.27 represent the mean axial velocity and the axial fluctuations on the sym-
metry axis, respectively. These are the results of the fine grid simulations.

Figure 5.25: Fourier analysis of the autocorrelation functions (coarse grid).

Figure 5.26: No-model and SSG-RSM approaches: Computed values (uniform jet) and ex-
perimental values (non-uniform jet).
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While the mean velocities present very similar profiles (Fig. 5.26), differences can be ob-
served in the velocity fluctuations (Fig. 5.27). The no-model approach is closer to the data
we measured at LTNT, while the turbulent approach is closer to the data of Stroomer
[Stroomer95]. However, we trust more our experimental data as several calibration tech-
niques have been carried out by Blum [DelTaglia02].

Assuming that the experimental data of Blum are correct, it can be concluded, that the no-
model approach behaves better at the upper part of the recirculation zone (0.25<z/D<0.5).
Nearer to the disk (0<z/D<0.25) this approach is not able to maintain a high level of fluctu-
ation, as the profile decreases. Apparently, the zone near to the disk is characterized by both
small and large scale fluctuations. The no-model approach is able to capture the large scale
fluctuations and gives indeed a high level of fluctuations. However, the intense small scale
fluctuations are not captured, requiring higher grid resolution near the disk. The turbulent
approach is able to capture the trend of having a fluctuation maximum near to the wall.
However, this approach still underpredicts the total fluctuations. Better predictions of the
fluctuation level inside of the recirculation zone may be achieved with this approach by us-
ing a mesh with more than 900,000 grid points.

More downstream the region around z/D=1 seems to be dominated by small scale stochastic
fluctuations (see Figs. 5.19 and 5.20). The turbulent approach behaves slightly better than
the no-model approach. This is due to the grid resolution in that region, which is lower than
near to the disk. So, the no-model approach is not able to capture the small vortices fluctu-
ations like the RSM does. Also here an improvement could be achieved with finer meshes.

Figure 5.27: No-model and SSG-RSM approaches: Comparison of the total axial velocity
fluctuations on the symmetry axis.
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5.5 Discussion

This chapter focused on three-dimensional unsteady simulations of the annular jet flow be-
hind the disk described in section 1.5. The computations were carried out with the Standard
k-ε model, the SSG-Reynolds Stress model and without a model for the Reynolds Stresses.
Three different meshes were used, having respectively about 200,000, 400,000 and 900,000
grid points.

The simulations with the Standard k-ε model showed that the oscillations were damped by
the large dissipation of the model itself.

With the no-model approach the results of the mean quantities on the symmetry axis pre-
sented grid independence already with the medium resolution grid. The flow asymmetry,
already observed in the steady three-dimensional simulations, could be observed in the av-
eraged flow field. Basically, the computed unsteady oscillations do not affect the flow
asymmetry. Good predictions of the velocity fluctuations inside the recirculation zone
could be obtained, because the dynamics of the large flow structures are taken into account.
In that zone the analysis of the velocity signal indicated the presence of flow structures
moving at frequencies around 6Hz for all grids.

The turbulent approach with the SSG-Reynolds Stress model was characterized by stable
oscillations in the velocity signals. Grid independence was fulfilled for the mean quantities
but not for the fluctuations, where computations with meshes having more than 900,000
points would be required. However, the trends show that a clear improvement in the predic-
tion of the total fluctuations could be achieved. In the upper recirculation zone the fluctua-
tions are dominated by large flow structure dynamics, while in the region near to the disk
the small scale contribution is also significant. The SSG-Reynolds Stress model seems to
predict the stochastic fluctuations correctly, as the sum of calculations agree with the mea-
surements. The velocity signal analysis has confirmed the existence of large structure oscil-
lations around 10 Hz. The presence of an additional frequency of 22Hz may be due to
numerical disturbance, since the respective peak drastically reduces its amplitude when us-
ing finer grids.

The results of the comparison between the no-model approach and the approach with the
SSG-Reynolds Stress model can be summarized by saying that there is no superior perfor-
mance of neither approach for all flow regions. However, inside of the recirculation zone
the no-model approach gives very good levels of fluctuations already with the medium grid,
while the turbulent approach still underpredicts the fluctuation level with the fine grid. The
turbulent approach behaves slightly better in the regions where the high frequency fluctua-
tion contribution is larger, but the grid is locally coarse (e.g., the downstream region). How-
ever, both approaches give more accurate values of the fluctuations than a steady
computation, which would ignore the unsteadiness of the flow.

It has been already mentioned by Rodi [Rodi92] that the no-model approach represents a
quasi Large Eddy Simulation (LES). Indeed, the numerical dissipation assumes the role of
the subgrid scale model. However, the numerical dissipation is strongly dependent on the
adopted computational method and, therefore, not general.
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An approach that leads to more general small scale dissipation was proposed by Speziale
[Speziale98]. In his combined approach following expression for the local Reynolds Stress
is employed:

(5.9)

where is the Reynolds Stress given by a turbulence model (e.g., the SSG model), ∆ is
the mesh size, Lk the Kolmogorov length, and β and n are constants. The Kolmogorov
length can be easily computed from the turbulent kinetic energy dissipation rate ε and the
viscosity ν. So, this approach is a kind of LES, since it takes the local grid size into account.
It would be able to locally enhance the advantages of our two approaches and therefore re-
sult in more accurate fluctuation values. Indeed, our no-model approach would be recov-
ered in the combined approach in case of a locally fine enough grid ( ), while the
turbulent approach with the SSG model would be recovered for a locally coarse grid
( ).

τij 1 β ∆
Lk
------– 

 exp–
n
τij

R( )
=

τij
R( )

∆ Lk⁄ 0→

∆ Lk⁄ ∞→
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6 Break of symmetry: Mechanism and

condition

6.1 Introduction

In chapter 4 we presented the results of three-dimensional steady simulations and showed
that the flow under investigation is asymmetric. This is confirmed by the experimental re-
sults of Blum [DelTaglia02]. The results of chapter 5 presented again this feature and
proved that the flow unsteadiness and oscillations are not able to bring the mean jet flow
back to axisymmetry, since we observed the asymmetry also in the mean flow computed in
the past initial transient state.

The present chapter deals with the break of symmetry mechanism and the condition that
leads to this break. The investigation is based on experiments available in literature and on
numerical simulations. The latter are not resolved and the corresponding results are only in-
tended to show trends.

The details of the simulations are described in section 6.2. Then the numerical results are
presented (section 6.3) and discussed (section 6.4).

6.2 Description of the annular jet simulations

This section describes the features of the three-dimensional simulations. Four different sim-
ulations (cases) were conducted with the code CFX-TASCflow and are described in Table
6.1. All computations used the truncated cone shape grid described in the previous chapter.
The annular jet was modeled with an axial jet with flat and axisymmetric profile of a certain
velocity Uo, which depended on the Reynolds number. The air entrainment was modeled
with a coflow of velocity 0.04Uo.

The simulation of case 1 were unsteady and employed the no-model approach for the Rey-
nolds Stresses. More details on this computations are given in the previous chapter. Case 2
and 3 were computations at low Reynolds number at blockage ratio BR=0.89 with a coarse
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grid and the no-model approach for the Reynolds Stresses. Case 4 was a steady computation
with the k-ε turbulence model at Re=20,000 and BR=0.50.

6.3 Results

The presentation of the results is divided into three sections: past initial transient flow visu-
alization, visualization of the break of symmetry and study of the condition for the break of
symmetry.

6.3.1 Past initial transient asymmetry visualization

The frames in Fig. 6.1 represent the instantaneous isosurface of azimuthal vorticity
( ) at different instants in the stationary state after the ini-

tial transient. The results were obtained from the simulations of case 1. It can be observed
that the vortex shedding location has a preferential azimuthal position. This has the effect
of showing the pronounced asymmetry in the averaged flow field, as it was observed in the
previous chapter 5.

6.3.2 Break of symmetry mechanism

The investigation of the initial transient, and in particular of the symmetry breaking mech-
anism, is presented in this subsection. The results were obtained from the simulations of
case 1.

The flow in the initial transient is represented with a frame sequence in Fig. 6.2. The frames
represent the instantaneous isosurface of azimuthal vorticity ωθ=-300s-1

( ) at different instants. The last frame shows the symmetry breaking. To
elucidate the mechanism of symmetry breaking we performed a cross section through the
isosurface and represented the isocurve together with a vector field. The frame sequence is
shown in Fig. 6.3, where the cross section plane is the xz-plane. The (u,w)-vector field is
shown.

Case 1 2 3 4

Type
unsteady;

∆t=10-4 s
steady

unsteady;

∆t=10-4 s
steady

Turbulence model no-model no-model no-model k-ε

Re 4,400 10 200 20,000

BR 0.89 0.89 0.89 0.50

Total number of grid
points

200,000 20,000 20,000 200,000

Table 6.1:Details of the three-dimensional simulations.

ωθ 300s
1–

= ωθD Uo⁄ 1.82–=

ωθD Uo⁄ 1.82–=
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t= 1042 ms = 172.9 D/Uo t= 1142 ms = 188.4 D/Uo

t= 1242 ms = 204.9 D/Uo t= 1342 ms = 221.4 D/Uo

t= 1442 ms = 237.9 D/Uo t= 1542 ms = 254.4 D/Uo

Figure 6.1: Stationary state: Azimuthal isosurface at ωθ=-300 s-1.
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The first frame shows the annular jet entering the ambient air at rest. The flow structure is
axisymmetric. The jet then develops the recirculation torus, which still maintains its axi-
symmetry. Then, axisymmetric flow oscillations are observed in the near wall vorticity con-
tours (see also Figs. 6.4 and 6.5). Finally, the oscillations increase amplitude and a part of
the annular jet flow is entrained by the inner shear layer at the opposite side of the jet, yield-
ing to the break of symmetry. The triggering of the symmetry breaking is obviously numer-
ical: the multiblock grid introduces disturbances that are amplified. This can be concluded
from the last frames of Fig. 6.2, where four peaks on the isosurface at the grid blocks inter-
face are observed.

The azimuthal vorticity signal (Fig. 6.5) at the two opposite positions (+0.13D, 0, 0.10D)
and (-0.13D, 0, 0.10D) on the xz-plane elucidate the oscillatory behavior of the flow near
the wall. At the beginning the two positions give the same value of vorticity. Then the val-
ues start to oscillate but still remain equal to each other. After symmetry breaking at around
t=15D/Uo, the two curves follow their own path.

6.3.3 Condition for break of symmetry

The previous flow visualizations served to show that the location of the break of symmetry
is in the vicinity of the bluff-body surface. In this subsection the condition for this break is
investigated.

In the computations at Re=10 and BR=0.89 (case 2) the basic mode of the annular flow was
observed, which is steady and axisymmetric. This can be seen in Fig. 6.6, where the profiles
of the radial and axial velocity components on the symmetry axis are represented. It is evi-
dent, that the radial component has a negligible contribution, especially in the near disk re-
gion. For the same blockage ratio and at Re=200 a steady flow could be observed, past some
initial transients, with the mode-one, symmetric-breaking bifurcation prevailing, Fig. 6.7.
In effect, it is believed that the basic mode bifurcates to a mode-one flow, which is steady
and asymmetric. This new state is the basis for all subsequent instability-driven bifurca-
tions, which lead to unsteadiness, vortex shedding and to the complex vortex dynamics ob-
served at the high Reynolds number computations and in the experiment. Indeed, these
instabilities seem to perturb this basic mode-one pattern, since it can be detected in the mean
flow.

Previous experimental works [Davies71, Durao78, Ko78, Chan78, Ko79] on turbulent un-
confined annular jets with blockage ratio lower than the present 0.89 did not show flow
asymmetry. This is in agreement with the results of the steady three-dimensional computa-
tions at Re=20,000 and BR=0.5 (case 4), which presented an axisymmetric flow field (Fig.
6.8). The behavior is different in an annular jet with confinement: Pinho and Whitelaw
[Pinho91] observed asymmetry in a confined annular jet with BR=0.5 and for a limited
range of Reynolds numbers.
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t= 0 t= 30 ms = 4.95 D/Uo

t= 60 ms = 9.90 D/Uo t= 90 ms = 14.85 D/Uo

t= 120 ms = 19.80 D/Uo t= 150 ms = 24.75 D/Uo

Figure 6.2: Symmetry breaking mechanism. Time evolution of the azimuthal isosurface
at ωθ=-300 s-1, from the formation of the recirculation zone to the break of
symmetry.
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t=0 t= 30 ms = 4.95 D/Uo

t= 60 ms = 9.90 D/Uo t= 90 ms = 14.85 D/Uo

t= 120 ms = 19.80 D/Uo t= 150 ms = 24.75 D/Uo

Figure 6.3: Symmetry breaking mechanism on the xz-plane. Time evolution of the vector
field and of the azimuthal isocurve at ωθ=-300 s-1, from the formation of the
recirculation zone to the break of symmetry.
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t= 76 ms = 12.54 D/Uo t= 86 ms = 14.19 D/Uo

t= 96 ms = 15.84 D/Uo t= 106 ms = 17.49 D/Uo

t= 116 ms = 19.14 D/Uo t= 126 ms = 20.79 D/Uo

Figure 6.4: Symmetry breaking mechanism on the xz-plane. Time evolution of the vector
field and of the azimuthal isocurve at ωθ=-300 s-1, during the oscillations.
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Figure 6.5: Evolution of the azimuthal vorticity on two symmetrically opposite positions
before and after break of symmetry.

Figure 6.6: Computed axial and radial velocity components on the symmetry axis.
Re=10 and BR=0.89
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Based on the results obtained until now, it must be concluded that an unconfined annular jet
is more prone to become asymmetric if the blockage ratio is high. This might be related to
the imbalance between the pressure forces at the stagnation point near the axis and the in-
ertia forces, and with the thickness of the annular jet. Indeed, if the pressure forces prevail
compared to the inertia forces, then a small perturbation can produce a shift and a distortion
of the annular jet layer at the axial stagnation point. If this shift is large compared to the jet
thickness, then the flow loses its inherent symmetry. As observed before, the perturbation
starts in the near wall region close to the disk. However, it propagates to the stagnation point
and causes the annular jet layer to distort and finally to lose symmetry.

The relation between the Reynolds number and the blockage ratio on one side, and the sym-
metry behavior on the other side, is shown in Tab. 6.2. The results are taken from the four
described computations. Fp

*=∆pD2 is the pressure force at the stagnation point. ∆p is the
pressure difference between the superatmospheric pressure stagnation zone and the ambient
air. Fi=ρ(Do

2-D2)Uo
2 is the inertia force of the annular jet. The shift of the jet layer can be

assumed proportional to the ratio Fp
*/Fi, which expresses the imbalance of the forces.

Therefore, the expression

(6.1)

gives the perturbation shift normalized with the jet thickness Do-D, and is therefore an in-
dicator of flow asymmetry. From the values of Tab. 6.2 we conclude that the flow loses
symmetry if the shift λ* is higher than a certain value between 0.5 and 8.0.

Figure 6.7: Computed axial and radial velocity components on the symmetry axis.
Re=200 and BR=0.89
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In order to provide the symmetry behavior for a given combination of blockage ratio and
Reynolds number, the functional relation between the pressure force and the two variables
BR and Re had to be found. This was possible through following rough considerations:

The pressure forces scale with the time derivative of the momentum near the stagnation
point, and can be expressed with

(6.2)

Figure 6.8: Computed axial and radial velocity components on the symmetry axis.
Re=20,000 and BR=0.50

BR Re Fi (N) Fp
* (N) λ* λ Symmetry

0.50 20,000 1.62·10-1 3.20·10-2 0.5 2.41 yes

0.89 10 8.91·10-7 5.73·10-9 0.1 3.18 yes

0.89 200 3.56·10-4 1.92·10-4 8.0 16.0 no

0.89 4,400 1.73·10-1 1.09·10-1 10.1 16.6 no

Table 6.2:Symmetry behavior for different combinations of Reynolds number and block-
age ratio.
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where u is the velocity near the stagnation point. The viscous forces produce a deceleration
of the fluid from the jet nozzle velocity Uo to the velocity u near the stagnation point. The
deceleration times the fluid mass is given by

(6.3)

The viscous forces are

(6.4)

Therefore,

(6.5)

and the ratio of pressure to inertia forces is then

(6.6)

The perturbation shift λ is then

(6.7)

The values of λ for the performed steady simulations are given in Tab. 6.2. It can be ob-
served, that asymmetry is obtained if λ exceeds a certain critical value that lies between 3.18
and 16.

Fig. 6.9 gives the contour values of λ for different combinations of Re and BR. The region
with the highest values of λ is located in the high blockage ratio range. This region corre-
sponds to the asymmetric flow behavior. For high blockage ratios, symmetry can be ob-
tained only with very small Reynolds numbers. However, for sufficiently low blockage
ratios, symmetry is always guaranteed.

It must be emphasized that the simulations are not resolved. Therefore, the results show
trends and not quantitative informations. In particular, the position of the separation curve
between the symmetric and asymmetric regions in the (Re,BR)-map is only qualitative.

6.4 Discussion

This chapter focused on the investigation of the break of symmetry. This break is preceded
by increasing oscillations near the disk surface. The perturbations of the flow propagate
from the disk surface to the stagnation point on the symmetry axis. The imbalance of pres-
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sure and inertia forces cause a distortion of the annular jet. If the distortion is big compared
to the jet thickness, symmetry is lost.

The parameter λ indicates the condition for an asymmetric flow field. It expresses the per-
turbation shift produced on the symmetric flow. This parameter depends on the Reynolds
number and on the blockage ratio. It is high for high blockage ratios and high Reynolds
numbers, indicating that in these conditions the flow is asymmetric. For low blockage ratios
λ is small, and the flow is symmetric, as confirmed by simulations and experiments.

Figure 6.9: Contour values of the perturbation shift λ. The simulations that resulted in a
symmetric flow are indicated with circles, while asymmetric flow solutions
are indicated with triangles.
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7 Conclusions
This work dealt with numerical simulations of annular jets, especially with high blockage
ratio. Annular jets are of practical interest because of their axisymmetric geometry and their
strong recirculating flow due to flow separation. When combustion is included, recircula-
tion guarantees high levels of mixing, leading to stable flames and reduced pollutants emis-
sion.

The investigation was performed using numerical simulations. Indeed, annular jets at high
blockage ratios have never been studied numerically before. Moreover, neither three-di-
mensional simulations nor unsteady simulations have never been performed before on an-
nular jets, the nature of which can be characterized by intense mixing, recirculation and
vortex shedding. Therefore, the results of this work serve as a theoretical basis for the de-
sign of high blockage/high recirculation axisymmetric bluff body gas burners.

LDA measurements at a Reynolds number of 4,400 and BR=0.89 have shown that the time
averaged flow field is non axisymmetric. On the other hand, experiments at lower blockage
ratio reported in literature presented an axisymmetric flow field. For these low blockage ra-
tios, our axisymmetric steady simulations resulted in accurate predictions of the recircula-
tion zone length. As the fluctuations in the flow are large structure dominated, the velocity
fluctuations obtained in the steady simulations with a Reynolds Stress model were signifi-
cantly below the measured one.

The existence of an asymmetric flow field was revealed by three-dimensional steady simu-
lations. This flow develops after the jet nozzle and is characterized by a preferential direc-
tion from one part of the annular jet to the other. The stagnation point is dislocated and
shifted from the symmetry axis. Asymmetric flows coming out from symmetric geometries
and boundary conditions has been already investigated by other researchers. These flows
are possible solutions of the non-linear problem expressed by the Navier-Stokes equations.

LDA measurements of the velocities near the nozzle revealed that the mass flow over the
annular nozzle of the used device was not uniform. Using a similar condition in the three-
dimensional steady simulations yielded to mean flow results which agreed with the mea-
sured time averaged velocities.

The unsteady RANS simulations are generally able to capture the large vortex dynamics
and the associated velocity fluctuations. So, the total fluctuations can be computed from the
coherent or deterministic (large eddy) fluctuations and the modelled (small eddy) fluctua-
tions. Our three-dimensional unsteady simulations of the high blockage annular jet were
performed using different approaches for the modeled velocity fluctuations. The approach
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with the Standard k-ε model showed damping of the coherent fluctuations, due to the ex-
cessive dissipation introduced by the turbulent viscosity. Instead, the no-model approach
and the approach with a Reynolds Stress model presented with stable velocity oscillations.

The time averaged solution of the unsteady simulations was asymmetric, with the same fea-
tures obtained in the steady simulations. This indicates that the asymmetry persists also if
large vortex fluctuations are introduced.

When compared to the experimental results, both the no-model approach and the approach
with a Reynolds Stress model showed good agreement for the velocity fluctuations. The
two approaches gave more accurate values of the fluctuations than a steady computation,
which ignores the large scale unsteadiness of the flow. So, the contribution of the coherent
fluctuations was critical. Moreover, both approaches revealed an oscillation frequency
which was of the same order of magnitude of the frequency previously measured in the
combusting flow. The frequency was associated the periodic movement of large vortex
structures, e.g., vortex shedding and convection.

In general, there is no superior performance of the approach with the Reynolds Stress model
when compared to the no-model approach. This latter approach is a kind of LES, as the
small scale dissipative effects are reproduced through numerical dissipation. Inside the re-
circulation zone the no-model approach gave very good levels of fluctuations already with
a medium resolution grid. The approach with the Reynolds Stress model behaved slightly
better in the regions where the high frequency fluctuation contribution was larger, but the
grid was locally coarse (e.g., the downstream region). A better prediction of the fluctuation
for a given mesh could be achieved by locally enhancing the advantages of both approaches.
In this case, the local grid size would be the additional input parameter to consider in the
computation of the local turbulent stresses. This LES-type of URANS has been already pro-
posed by other researchers.

Starting from an axisymmetric solution it was observed, that break of symmetry is preceded
by oscillations in the near wall region. It is argued, that these perturbations propagate to the
axial stagnation point and cause symmetry breaking. Indeed, both the imbalance of pressure
and inertia force at the stagnation point, and the small thickness of the jet, represent an un-
stable condition for symmetry. A perturbation is able to distort the jet sufficiently to lose
symmetry.

A natural continuation of this work should be the inclusion of combustion into the URANS
simulations, in order to study the behavior of disk stabilized premixed flames. It is believed
that a higher accuracy of the results (i.e., species concentrations and temperatures) can be
achieved, as the mixing of the large vortex structures is better captured.
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AAccuracy of the simulations
This appendix deals with the accuracy of numerical simulations. The sources of errors are
described and discussed.

A.1 Discretization

When transport equations like the ones described in chapter 2 must be solved numerically,
some kind of discretization must be performed. The code used in this work (see appendix
B for details) is based on the Finite Volume discretization of space and an implicit backward
scheme for time discretization. Both these types of discretization introduce a numerical er-
ror in the solution. In order to quantify this error, simulations with different time and space
discretization must be performed and the results must be then compared.

A.2 Time statistics

A second source of numerical error is due to the time statistics and is of concern only in
unsteady simulations. In a problem with time constant boundary conditions, like that in the
present work, the flow reaches a stationary state after an initial transient. In this stationary
state, the mean and r.m.s. of the fluctuations are only slightly dependent on the time interval
used for averaging. So, two questions arise: How can we state that the simulations have
reached the stationary state, and, in this case, how big is the uncertainty due to time statis-
tics?

The criterion for stationarity can be formulated in following way. The total time interval is
divided into three contiguous time intervals of approximately the same length. Therefore
three values of the mean and the r.m.s. of the coherent fluctuations can be computed: and

(j=1,2,3). For the total time interval the mean value is given by . The criterion for sta-
tionarity is then expressed by the condition that the single mean values must differ from the
overall mean value by an amount less than the r.m.s. values of the coherent fluctuations:

(1.1)

In the stationary state the error of an averaged quantity (mean or r.m.s. value) due to time
statistics can be estimated as follows:
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(1.2)

where the are the three averaged values taken over the single time intervals.

A.3 Model

The last source of errors in numerical simulations is due to the used model. Who performs
a simulation tries to capture the reality’s features of interest by formulating a model at the
beginning. As a consequence, the results of the simulations are based on this model. If the
model is a inaccurate representation of the reality, the simulation’s results are affected by a
systematic error. It is evident, that the estimation of the model error is impossible without
a comparison with experiments.

In a flow problem the model is given by the boundary conditions, the Navier-Stokes equa-
tions and the turbulence model. Turbulence model is here identified in a more general man-
ner, i.e., the model for the dynamics of all scales of vortices and not only of the Reynolds
Stresses.

Boundary conditions and turbulence model are in general a source of errors, while the Navi-
er Stokes equations are exact, since their derivation is mathematical.

e max qj q–( )
2

 
 
 

j 1 2 3, ,=
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B Simulation code
The computations in this work were performed using the finite volume code CFX-TASC-
flow. This platform employes a collocated grid scheme along with a pressure correction
method for the pressure-velocity coupling. First and second order Euler backward (implicit)
schemes can be used for the time discretization. For the spatial discretization two skew up-
wind differencing schemes were used: a first order scheme, identical to the one used by Le-
schziner and Rodi [Leschziner81] for the simulation of recirculating flows, and also a
second order scheme [Raithby76]. The solver uses the Incomplete Lower Upper (ILU) Fac-
torization for the relaxation of the discretized equations at a specific time step. Convergence
is accelerated via the employment of an algebraic multigrid method.
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