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Abstract. Coaxial round jets issuing from nozzles are typical configions for applications such as diffusion flame
burners. The turbulent characteristics of the flow are ral@vfor the burner efficiency and have a significant effect on
pollutant emission due to improper mixing of fuel and oxadiar inadequate residence times. In this work the main
turbulent characteristics of coaxial jets out of a Delft har configuration is investigated numerically. Simple ¢abx
jet results are available in the literature showing that jeétopology can be divided in two main regions, a developing
region and a self-similar region. This topology is consatgy changed for the Delft burner configuration where a large
recirculation zone is found. For the Delft burner the jetespding rate and the decay of the centerline velocity, along
with streamwise and radial mean velocity profiles are préseéfor the regions near the nozzle exit and the region farthe
downstream. The spatial distribution of Reynolds streaseslso investigated. The investigation considers trecetf
velocity ratio and velocity magnitude on the jet structwsenvestigated as well as the turbulent intensity at the leozz
exit. Particular attention is given to the large recirculat zone on the pilot flame holder zone and the effect of the
governing parameters on the total length and turbulent elggristics of this region, which has a large impact on the
flow downstream. The numerical approach is based on a comtdoime, incompressible RANS formulation with- ¢
turbulence model. Different versions of the turbulence ehace considered, including RNG and non-linear models. The
code used for the investigation is the Open Source FOAM CkBlbox, which was used as a test bench for the proposed
investigation without any modifications.

Keywords: Delft burner, turbulent coaxial jets, turbulent flow.
1. INTRODUCTION

Jet flows are important canonical flows with many practicgieeering applications such as in combustion and propul-
sion. They have been studied extensively theoreticallyearmentally and numerically throughout the years. In o
exhaust the external cold air flow guarantees the reducfiégmense noise levels from the central jet of higher speed,
turbulence levels and temperature. Another importantiegin is found in burners of diffusion flames, where thd fue
flow of the central jet is surrounded by a external air jet thgiplies the oxidant. In both cases the structure of the tur-
bulent flow determines the source of jet noise and the ddfusi momentum and species (oxidant and fuel). Therefore,
controlling the jet parameters can lead to a noise reductioma more efficient combustion (Verzicco and Orlandi, 1994
This control requires a detailed knowledge of the turbugestatistics, that is, the Reynolds stresses.

Champagne and Wygnanski (1971) (CW) investigated turbulestial jets experimentally using hot wire anemome-
ters. This experimental study was performed varying the eao (4,/4;) and the velocity ratiol{, /U;) between the
internal and external jets in order to get the profiles of meaacities, turbulent intensities and shear stresses.flohve
was considered as being composed of two regions as show .inlf&j. The first region, a flow development region,
formed by the internal and external potential cores, thangilayers between the two jets and the mixing layer between
the external jet and the environment. The second, a sityila@gion (or developed region), where the flow is completely
developed and self-similar. In the similarity region thieljecomes identical to the axisymmetric simple jet. Thekiéss
of each potential core decreases approximately lineatly ngitudinal distance from the nozzle exit and the cogéae
ends when the annular mixing regions are joined.

The behavior of turbulent coaxial jets was also studied exgntally by Buresti et al. (1998), for two velocity ratio,
U;/U, = 0.30 and0.67, keeping constant the diameter ratid;/D, = 0.5. As expected, they observed a reduction
in the length of the internal potential core with the redoetdf the velocity ratio, and fot/; /U, = 0.30, the length
became comparable to the external potential core. Thisitondesults in larger fluctuations and a stronger level of
mixing between the two flows. The evolution of the flow and thging between the internal and external jets are
controlled by the direction, force, mutual position and sseuent dynamics of the vortical structures that are pteden
in the development of the shear layers between the two jetbatween the external jet and the fluid environment.

Rehab et al. (1997) conducted experimental studies orreliftédlow regimes for coaxial jets of large velocity ratio
1 < r, < oo. Two flow regimes can be identified if the velocity ratiq, (= U,/U;) is large or smaller than the value
of the critical velocity ratior,.. The value ofr,. range from 5 to 8, depending on the velocities profile in thezie
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Figure 1. Examples of coaxial jet configurations.

exit. Whenr,, < r,., the fast annular jet periodically compresses the slowetrakjet near the internal potential core.
The compression frequency corresponds to the frequencgailfation of the external jet. When, > r,., the internal
potential core is truncated and followed by a bubble of niatienary recirculation with low oscillation frequencyhd&
transition of one regime to another can be explained by alsimpdel whose ingredients are the entrainment, that it is
governed by the mixing layer of the external jet, and massemation.

Warda et al. (1999) had experimentally investigated thaiémfte of the variation in the velocity ratio in the flow of
coaxial jets. These experimental inquiries on coaxialjatsshown that the radial distribution of the axial mean citiles
and the turbulent intensities of the central and annulargah be divided in three different regions, forming the togyp
of the jet flow. The initial region is located between the nezmd the end of the external potential core. Immediately
after, is the intermediate region which finishes in the esdiinent point, and finally the region of complete mixing is
established. The internal potential core is extremely ddpst of the velocity ratio and the external potential cerigtie
dependent of the velocity ratio féf; /U, > 1. It was observed that the increase in the velocity in theahthe jet results
in a reduction of the growth rate of the jet. Still it was ob&et that after the reattachment point coaxial jet thickness
grows like a simple jet. Moreover, the similarity of the ralddrofiles of axial mean velocities was observed in the megio
of complete mixing. They had also studied the effect of thgmitade of the initial axial mean velocities of the coaxet!
for a fixed velocity ratio. regarding this effect, their risitshow that the reduction in the absolute value of the vidmc
of the internal and external flows, keeping constant theciloatio, makes the jet decay faster throughout the cémger

In the present study, some configurations of turbulent @geds had been analyzed. The results for a configuration
of coaxial jets withU,/U; = 5 and A,/A; = 2.94, are compared with the experimental results of Champagde an
Wygnanski (1971), with the same configuration. The analg§ithis configuration is used to validate the numerical
procedure. Another simulation of an isothermal flow of cahjets was carried, with an area ratio identical to the Delft
burner nozzle (Fig. 1(b)).

The objective of analyzing these configuration is to unéadthe turbulent characteristics of this type of burner, to
verify the influence of the area ratio of the nozzle and to nlesthe influence of the presence of the thick wall between
the internal and external ducts. These analysis play anrtaptorole in better understanding the flow dynamics in this
type of device.

2. GOVERNING EQUATIONS AND NUMERICAL MODEL

The present numerical study of turbulent coaxial jets wasedsing a open source libraryd-+, for Computational
Fluid Dynamics, called Op&nFOAM. The numerical model if bases on the solution of the aged Navier-Stokes
equations (RANS) for incompressible flows using a finite wadumethod on structured non-uniform grid. The turbulent
stress terms were closed with a two equatibrse turbulence model, that will be presented below.
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2.1 Reynolds Averaged Navier-Stokes (RANS) Equations

The RANS equations are time averaged Navier-Stokes eqsatiatten for the instantaneous velocity decomposed
in a mean value and a fluctuation. For an incompressible Neandluid, these equations can be written as:

Ju;
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whereu is the velocity,r is the space coordinatejs the time,f; is the volume forcep is the pressure; is the specific
massy;; is the delta of Kronecker andis the kinematic viscosity.

The left side of Eq. 2 represents the time variation of momr@ndue to the transient regime and the convection in the
mean flow. The transient term is kept for numerical integrapourposes. This variation is balanced by the mean volume
force, the average pressure gradient, the viscous strasddake apparent viscous stres(seagu;.) due to fluctuations in
the velocities field, generally known as the Reynolds sé®ss

2.2 Turbulence Models

The turbulence models used for the simulation of the casesaial jets in this work are: thie — ¢ standard model;
thek — e RNG model and thé — ¢ Non-linear model of Shih. As thie— ¢ Non-linear model of Shih present better results
when compared to the experimental results available initbeature this model was used in all subsequent coaxial jet
cases. The non-linear model is designed to give an improggdnmance through the inclusion of quadratic components
of stresses and vorticity to capture anisotropies. The comfactor between all non-linear cubical models is a general
constituent equation that relates the Reynolds stresaesrtéo all the quadratic and cubical combinations of thairstr
rate tensor and the vorticity. Using the turbulent kinetiergy and its rate of the dissipation to represent the viglacid
the turbulent length scales, this equation can be writtehefollowing form (Chen et al.,1998).
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WhereS;; is the average component of the strain rate tensor given by:

— 1[0 O

ands(;; is the average component of the vorticity tensor given by:

1 (0w Oy

Different variations of the model appear due to differergrapches in the determination of the coefficient$o cs
and the differences in the determination of the scales itrémsport equations.
The turbulent kinetic energy, the turbulent viscosity, and the homogeneous dissipation rgte

2
€:e—21/<a\/E> , (6)
Bxi
they are obtained, respectively, for:
/{12
vy = Cﬂfﬂ?’ (7)
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whereP, is the term of production of kinetic energfj, is the damping coefficient,” is the Yap correction, an@,, C'.
andCs,, are model constants.
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3. RESULTS

The results for the cases of coaxial jets analyzed in thikwoe presented here. The detailed configuration of the
cases of coaxial jets analyzed in this work is described il Ta

Table 1. Configuration of the coaxial jets analyzed.

Case| U,/U; U; Us A,JA; | D; x 103 | D, x 10° | Dw x 103
(ms— 1) | (ms™!) (m) (m) (m)
1 5 12 60 2,94 25,4 50,41756 -
2 0,2 60 12 2,94 25,4 50,41756 -
3 0,202 21,8 4,4 28,13 8 42,43 -
4 0,202 21,8 4,4 28,13 8 45 15
Comments:Dyy it is the thickness of the wall between the internal and exiets.

WhereU is the exit velocity,A is the nozzle ared) is the nozzle diameter, the subscriptand: represent the outer
and inner jets.

The initial and boundary conditions in the interior and &tlloundaries of the computational domain must be specified
for each case. They are given by the turbulent kinetic endisfyibution, dissipation rate of turbulent kinetic engrg
speeds, pressures and etc., moreover kinematic viscosiy Ibe specified. Due the presence of the edge between the
internal and external jets in case 4, wall functions had Isgatified in the boundary conditions of the corresponding
edge faces. A description of the boundary conditions fohe&ase is given in Tab. 2.

Table 2. Boundary Conditions.

Case| Rep, x 107 | Rep, x 107° [ I(%) | L/D, | k(m%s=2) | e(m?s73)
1 0,2 0,96 5 0,05 13,5 3233,2
2 1 0,4 5 0,05 0,54 25,87
3 0,087 0,093 5 0,05 0,0726 1,5151
4 0,087 0,099 5 0,05 0,0726 1,4286

WhereRe is the Reynolds numbef,is the turbulent intensity and is scale of turbulent length.

3.1 Coaxial Jets (Case 1)

This case was used to validate the numerical procedure byaason of results with the experimental work of

Champagne and Wygnanski (1971). The coaxial jet have anratiead,/A; = 2.94 and velocity ratioU,/U; = 5 as
described in Tab. 1.

2.5

Case 1
Champagne and Wygnanski ~ +

Case 1
Champagne and Wygnanski ~ +

Uref / UO

012 = Ymax) ! D,

_ W R N 0O

10 15

(x=-x,)/D,

20 25 30 0 5

10

15
(x=x,)/D,

20 25 30

(a) Centerline velocity (b) Spreading Rate

Figure 2. Variation of centerline velocity, and growth of jet's half-widtty, ,, for U,/U; =5andA,/A; = 2.94.
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In Figure 2, it is possible to observe that the centerlinecigy Uy and jet's half-widthy, ,, vary linearly from
x/D, > 14 andx/D, > 10, respectively, corresponding to the developed similaioregThe results from Champagne
and Wygnanski (1971) show that the centerline velocity atid half-width varies linearly from:/D, > 11 andx/D,, >
8, respectively. The numerically obtained spreading réte-(0.083) is very close to the experimental valug £ 0.081).

The observed differences are related to the limitationdettrbulence model, and with the quality of the computa-
tional mesh due to hardware limitations. It is important bserve that despite these differences, the numericaltsesul
present a strong correlation with the experimental results
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Figure 3. Normalized velocities profile féf,/U; = 5 and A, /A; = 2.94.

The profiles of mean velocities can be observed in Fig. 3. érdgion near to the nozzle exit (Fig. 3(a)), the
profiles of mean velocities present good quantitative agese with the experimental results, and the curves have the
same characteristic form of the experimental results ofn@ane and Wygnanski (1971). In the region of developed
flow (Fig. 3(b)), the self-similar profiles also present gagpleement with experimental results and the analyticdilero
for simple jet.

0.3

0.25
02 L sh ’

015 |

S2\172
) Umax

Cuf

0.1

0.05 -

\

=
R W AT TR

2.5 3 35

(b) Radial turbulent intensity

x/D,=2

2.5 3 35

Y/yip
(c) Turbulent shear stress

Figure 4. Reynolds stresses distributionstigr U; = 5 and A, /A; = 2.94.

In Figure 4, is possible to observe the distributions of tleyilds stresses for the case analyzed in comparison
with experimental results. Up to a longitudinal distangeD, < 6 is possible to observe the presence of two peaks
characterizing the internal and external mixing layersydel this point there is only the internal potential coreqd an
consequently, a mixing layer between the jet and the ambiBm¢ Reynolds stresses tend to an auto-similar behavior.
The similarity region was found for/D, > 18. In this region the profiles of each component of the Reynsidssses
have the same characteristic form and the values are vesg,@¢most coinciding in one single curve.

The profiles of the turbulent properties can be seen in Figp3oxz/D,, < 6, is also possible to observe the presence
of two peaks in the profiles of the turbulent properties. Ereesaks correspond to the presence of the internal and aktern
mixing layers. beyond this point, it is only possible to atveethe presence of only one peak, corresponding to theretter
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Figure 5. Turbulent properties distributions 165 /U; = 5 and A, /A; = 2.94.

mixing layer. Fromz/ D, > 18, as the peak disappear characterizing the complete diaeppe of the layer of external
mixing. The presence of these peaks, that characterizer¢isemce of the potential core and the mixing layers, also can
be observed for the Reynolds stresses (Fig. 4). For thelanbtshear stress (Fig. 4(c)) these peaks are charactéyzzed
point of minimum (internal potential core) and a point of imaMm (external potential core) as observed experimentally
Despite the observed differences, the numerical modeléstatrapture the physical behavior of the flow of coaxial.jets

3.2 Burner with Thin Wall Between the Nozzles (Cases 2 and 3)

Case 3 consists of a coaxial jets with a configuration of atelfner, disconsidering the presence of the thick wall
between the internal and external jets. Case 2 was compawegbsé 3 to show the influence of the increase in the area
ratio in the flow. In the two cases the velocity ratio is the same.
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Figure 6. Variation of centerline velocity, and growth of jet's half-widthy, ,, for U, /U; = 0.202 and A, /A; = 28.13.

In Figure 6 is possible to observe the variation of centenielocity and the growth of jet’s half-width. The osciltatis
observed in the centerline velocity can be related to rak&dton zones in the flow, which had the largest area rativeen
the two ducts. The spreading rate for this case<0.075) presents a lower value in comparison with casg 2-(0.087).
The larger area ratio provides a reduction in the entraitirbetween the external jet and surrounding fluid. That is, a
lower amount of surrounding fluid is dragged by the jet, hgdiminished the half-width and therefore a lower spreading
rate results. Entrainment is the process in which fluid frowa $urroundings is drawn into the turbulent zone and is
the main cause of the spreading of turbulent flows (includiad] boundary layers) in the flow direction (Versteeg and
Malalasekera, 1995). Initially fast moving jet fluid willde momentum to speed up the stationary surrounding fluid.
Owing to the entrainment of the surrounding fluid the velpgitadients decrease in magnitude in the flow direction. This
causes the decrease of the mean velocity of the jet in thentiast
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Figure 7. Normalized velocities profiles fof, /U; = 0.202 and A, /A; = 28.13.

In Figure 7, the mean velocities profiles are presented ireg®n near to the nozzle exit (Fig. 7(a)) and in the
developed flow region (Fig. 7(b)). It is possible to obseiat the velocities profiles for this case tend a similar form
fromaz/D, = 20.
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Figure 8. Reynolds stresses distributionstigy U; = 0.202 and A, /A; = 28.13.

It is possible to observe, that the larger area ratio regull® increase in the Reynolds stresses in the region near to
the nozzle{/D, = 8), as seen in Fig. 8. In the developed flow region, is possidee that in:/ D, = 20, the Reynolds
stresses for case 3 present larger values than case 2. NBgrtriozzle, the peak of the stress is dislocated inward. The
radial turbulent intensity has maximum in the center in tbgion near to the nozzle for case 3, whereas in case 2 the
maximum is located iny/y, o = 1 at least untikz/ D, = 8. This may result in stronger mixing between the internal and
external jets for case 3.

The similarity region starts in/D, > 20. From this point the profiles of the Reynolds stresses ptdbensame
characteristic form and very close values for cases 2 andSpobssible to relate the improvement of the mixing between
the flows of the two jets to the higher levels of turbulencearec3, in the region near to the nozzle. In the region near to
the nozzle, the profiles of the turbulent properties havehatier similar to the behavior of the Reynolds stressess Thi
behavior can be observed in the Fig. 9. In the region neareamtizzle, it is possible to observe that in the turbulent
properties for given case, the maximum occurs betwe®nr< y/y;,» < 1, whereas in case 2 the maximum if locates at
y/y1/2 = 1 atleast untik:/D, = 8.

The disappearance of the internal potential core occuns fr6D,, > 20. From this point the maximum value of these
properties remains constant in the region of the jet, andasdot have the presence of a characteristic maximum point.
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Figure 9. Turbulent properties distributions 165 /U; = 0.202 and A, /A; = 28.13.

3.3 Burner with thick Wall between the Nozzles (Case 4)

This case consists of a coaxial jet with a configuration ofudibn flame Delft burner, considering the thick wall
between the internal and external jets. This case is cordparease 3 to show the influence of the thick wall in the
jet flow. Moreover, considering the presence of the edge dxtvthe internal and external jets, this configuration more
adequately represents the Delft burner. However it musbbsidered that the pilot flames positioned on the thick wall
are not considered in this runs.

Q’G
s 3
< g
B -

> !
N
5

0 5 10 15 20 25 30
(x-x,)/D, (x-x,)/D,
(a) Centerline velocity (b) Spreading rate

Figure 10. Variation of centerline velocity, and growth of jet's half-widthy, ;, for U,/U; = 0.202 andA,/A; = 28.13
with wall between the internal and external jets.

In Figure 10, is possible to observe that the presence of #ildbetween the internal and external ducts increases the
level of oscillations in the variation of the centerline gty in the downstream direction. The spreading rate f@ th
case § = 0.068) presents a lower value than that for case53= 0.075). This means that the entrainment between
external jet and surrounding fluid is lower for this case. Phesence of the thick wall in the nozzle exit plan increases
the intermittency of the flow, as observed by Abdel-Rahmaal.e{1997). This phenomenon can be associated to the
presence of zones of recirculation near the wall.

In Figure 11, is possible to visualize the velocities prafil@he velocities profiles have a faster convergence for an
auto-similar profile than that for case 3 (Fig. 11(b)). Thidicates a better mixing between the two jets. The disiobut
of the Reynolds stresses can be observed in Fig. 12. Fordtender/D, > 6, the stresses present maximum values a
little larger than that for case 3. Framf D, > 22, the Reynolds stresses present a self-similar profile. Heocase 3 this
profile self-similar present from/D, > 20, where the internal potential core ends.

As observed in case 3, is possible to relate the improvenfehieanixing between the flows of the two jets to the
higher levels of turbulence, in the region near to the noexle But The Reynolds stresses distribution and maximum
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Figure 12. Reynolds stresses distributions@igy U;

magnitude for cases 3 and 4 are very similar. Therefor, a medireed comparison of these profiles becomes difficult.

Figure 13 show the turbulent viscosity, the turbulent kinehergy and the dissipation rate of turbulent kinetic gper
for case 4 compared to case 3. The same behavior observeldefételynolds stresses can also be observed for the
turbulent properties. It is possible to observe that therival potential core only disappears aft¢iD, > 22, where the
maximum value of the turbulent properties are constantérjehregion. In case 3, the internal potential core disagpea
afterz:/D, > 20. The characteristic peaks in these properties, that reptéise influence of the potential cores and the
mixing layers, are similar with those of case 3.

4. CONCLUSION

This work presented a numerical analysis of turbulent ageis. The results were obtained with three different
turbulent modelsk — e standardk — e RNG andk — e non-linear of Shih. The model that presented the best efrlt
the coaxial jet topology was the non-lindar- ¢ of Shih.

The first test case, used in the validation of the model, ptesea good level of agreement with experimental results.
The Cases 3 and 4, show that the increase of the area ratim@sancrease in the Reynolds stresses, in the region near
the nozzle, guarantees a good level of turbulence in thifgumation. Due to these advantage in relation to the mixing
process, the configuration of coaxial jets has been widety uis diffusion flame burners. This study allows a better
understand for the behavior of turbulent coaxial jets.
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Figure 13. Turbulent properties distributions té/U; = 0.202 and A, /A; = 28.13 with wall between the internal and
external jets.
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