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Abstract: The paper is aimed at an assessment of the importance of the coordinate system (Cartesian
vs. cylindrical) assumed for simulations of free-round jets. The research is performed by applying
the large eddy simulation method with spatial discretisation based on high-order compact difference
schemes. The results obtained for natural and excited jets at three different turbulence intensity
levels, Ti = 0.01%,0.1% and 1.0%, are compared. In the case of the natural jet, it is found that
both instantaneous and time-averaged results are significantly dependent on the coordinate system
only for the lowest Ti. In this case, in the Cartesian coordinate system, the errors introduced by
an azimuthal non-uniformity of the mesh seem to have a larger impact on the solutions than the
disturbances generated at the nozzle exit. The azimuthal non-uniformity of the mesh also has a
substantial influence on the results of the modelling of the excited jets. In this case, the excitation
is introduced as time-varying forcing, with the frequency corresponding to half of the preferred
mode frequency and the amplitude equal to 5% of the jet velocity. Such an excitation leads to the
formation of the so-called side-jets being revealed as inclined streams of fluid ejected outside the main
jet stream. Primary attention is paid to the mechanism of the formation of the side-jets, their number
and location. The results obtained on Cartesian meshes show that for very low turbulence intensity
levels (Ti = 0.01%), the number and direction of the side-jets are dependent on the non-uniform
distribution of the mesh nodes along the azimuthal direction of the jet. On the other hand, when
the cylindrical coordinate system is used, the number of the side-jets and their locations are random
and dependent only on inlet parameters. It has been demonstrated that the mechanism of side-jet
formation is the same in both coordinate systems; however, its random nature can only be predicted
when the cylindrical coordinate system is used.

Keywords: round jet; side-jets; large eddy simulation

1. Introduction

Investigations devoted to circular jets have both a fundamental character and prac-
tical implications. In the former case, they concentrate on a deeper understanding of
mixing processes, hydrodynamic instability and interactions between vortices. In the
latter, the need for jet dynamic analysis stems from the fact that jets are commonly used in
various technical devices, e.g., as fuel injectors in combustion chambers, as burners or as
the ends of paint sprayers. A very interesting and still not fully understood phenomenon
accompanying jet flows is the formation of side-jets. They were observed experimentally
in globally unstable [1-5] and strongly forced [6,7] round jets as inclined streams released
from the jet at a certain angle to the jet axis. The necessary conditions for the occurrence
of side-jets are the existence of strong vortical structures in the near field of the jet and a
low level of turbulence intensity. Monkewitz et al. [1] claimed that the primary mechanism
of the formation of side-jets was the azimuthal instability of vortical structures (Widnall
instability [8]), which causes the deformation of vortices and ejects fluid away from the
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jet stream. The subsequent experimental [6] and numerical [9] analyses showed that the
generation of the side-jets was not directly caused by the Widnall instability of vortex rings
but rather by the occurrence of pairs of streamwise vortices originating from the instability
of the braid region. However, the mechanism leading to this phenomenon has not been
fully understood so far and needs further studies.

Contemporary computational fluid dynamics (CFD), which offers a wide range of
numerical methods, allows for very accurate predictions of complex phenomena occurring
in fluid flows and seems to be a very useful tool to explain and understand the phenomenon
of the side-jets. As shown by Boguslawski et al. [10], where the global instability in a round
jet using a large eddy simulation (LES) was investigated, the formation of the side-jets
turned out to be very sensitive to small disturbances such as inlet turbulence intensity,
mesh non-uniformity or errors stemming from discretisation. The LES performed on the
Cartesian mesh showed the occurrence of four equally spaced side-jets aligned with the
mesh lines, while in the experiment [1], the number of the side-jets was between 2 and 6
and their orientation was rather random. The authors claimed that the mechanism of the
side-jet formation was reflected accurately, and the only difference between experimental
and numerical investigations was the mechanism introducing the perturbation, namely
one that was random (a real situation) and one that was determined by the Cartesian mesh.
The formation of four side-jets equally spaced in the azimuthal direction could also be
observed in the direct numerical simulation (DNS) of forced jets [11], where the effect of
varicose perturbation was examined. The authors did not pay attention to the side-jet
phenomenon, but the results of vorticity and streamwise velocity presented showed the
formation of four side-jets, which were oriented along the mesh lines or diagonals of the
computational box. Wawrzak and Boguslawski [12] analysed the formation of the side-jets
in excited round jets using the LES method in the Cartesian and cylindrical coordinate
systems. The obtained solutions suggested that the occurrence and number of side-jets in
some regimes are influenced by the mesh topology. A strong impact of the Cartesian mesh
on the orientation and localisation of the side-jets was also noted in a DNS study of high-p
jets [13]. The results showed the emergence of four side-jets; however, the majority of
attention was paid to the effect of the occurrence of the side-jets rather than the mechanism
of their formation.

The present work is focused on the accuracy of LES of the turbulent jets subjected
to various turbulence intensity levels. The solutions obtained for natural and excited jets
in the Cartesian and cylindrical coordinate systems are compared. It is analysed whether
and when the choice of the coordinate system is important from the point of view of the
correctness of simulations. In the case of excited jets, an attempt is made to explain in
detail the side-jet formation phenomenon and show to what extent this phenomenon is
dependent on the modelling strategy.

2. Numerical Modelling

In the present work, the incompressible homogeneous density flow is considered,
for which the continuity and Navier-Stokes equations in the framework of LES are given
as [14]:

V-U=0 1)

_ _ _ 1
atU+(U'V)U+EVﬁ:V'(T‘f—‘[’sgs) ()

where the bar symbol represents spatial filtering [14]. The variables in the above equations
are the velocity vector U, the density p, the pressure p and the viscous stress tensor 7.
The sub-grid stress tensor is given by 7°8° = 2v4sS + tr(7°°) /3, where S is the rate of the
strain tensor of the resolved velocity field, Sij=1 /2(aU;/ ax]- + aU]- /dx;), and Vsgs is the
sub-grid viscosity. The trace of the sub-grid tensor is added to the pressure, resulting in
the so-called modified pressure P = p — tr(7°°) /3 [14]. Thus, the elements of the effective
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viscous tensor are defined as T, ff

viscosity, and Equation (2) can be written in the following form:

=T+ Tl.sjgs = 2(v + vsgs)Sij, where v is the kinematic

0,0 + (U~V)U+:)VP =v.tff (3)

As shown by Wawrzak et al. [15], the correct prediction of the jet dynamics and
laminar—turbulent transition process, particularly at a low inlet turbulence intensity, is
largely conditioned by the sub-grid viscosity model. It should not be over-dissipative,
e.g., as the classical Smagorinsky model is, because an excess of an additional dissipation
falsifies the transition mechanism. Therefore, in the present work, vs¢s is modelled by
applying Vreman’s model [16], where vsgs vanishes in laminar flows and pure shear regions.
According to this model, the eddy viscosity vsgs is computed as:

B
Vsgs = C d 4
(Xij“ij
jj = % B = Attty &)
axi
Bg = B11B22 — Bz + 1133 — Bis + PPz — B3 (6)

where the constant in (4) is taken as C = 2.5 x 1072 [16]. The filter width is computed as
A= (AxAyAz)l/ 3, with Ax, Ay, Az being the mesh spacings.

The LES code employed in this study is called SAILOR. It is an academic high-order
solver, which was previously verified in computations of isothermal, non-isothermal,
excited and reacting jets [17]. It enables calculations in the Cartesian (x,y,z) and cylin-
drical (x,7,¢) coordinates. Note that when the cylindrical coordinate system is used,
all the spatial terms and model formulas are correspondingly transformed. A solution
algorithm is based on a projection method for pressure-velocity coupling. The time inte-
gration is performed by a predictor-corrector (Adams—Bashforth/Adams-Moulton) ap-
proach. Equations (1) and (2) are discretised in space using the 6th-order compact differ-
ence method [18]. The solution algorithm is formulated on a half-staggered mesh, where
the velocity components are stored in the same computational nodes, while the pressure
nodes are moved a half grid size from them. As shown in [19], the staggering of the
pressure nodes is sufficient to ensure strong velocity—pressure coupling, which eliminates
the well-known pressure oscillations occurring on collocated meshes. At the same time,
compared to the full staggered approach, where both the velocity components and pres-
sure values are stored in different locations, the interpolation between particular nodes
is significantly reduced. Details of the solution algorithm and applied discretisation and
interpolation formulas in the Cartesian coordinate system can be found in [19]. It has been
directly translated to the cylindrical coordinates in which the singularity problem in the
axis (r = 0) has been solved by expanding the governing equations in power series at v = 0
according to the procedure proposed in [20].

2.1. Computational Configurations

The computational domains are shown in Figure 1. They are a simple rectangular
box 12D x 2D x 15D and cylinder 6D x 15D, where D is the jet diameter. A nozzle
that is present upstream of the inlet plane in real situations is not taken into account
in the computations. Instead, the inlet boundary condition is specified in terms of an
instantaneous velocity profile as:

u(r/ t) = Umean (1’) + Uturb (1’, t) + uexcit(r/ t) ()
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The velocity fluctuations i, (7, t) are computed using a digital filtering method
proposed by Klein et al. [21], which guarantees the properly correlated turbulent velocity
field. The mean velocity profile is described by the hyperbolic tangent function as follows:

Uy + U Uo + U I1R/r R
Unean(r) = — 5 inf _ =0 5 mftanhLle(R—rﬂ ®)

where U is the jet centerline velocity, Uy is the co-flow velocity, R = D /2 is the radius of
the jet and 6 is the momentum thickness. The co-flow U is added to compensate for the
lack of a natural entrainment through the lateral walls.
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Figure 1. Computational domains: Cartesian (a) and cylindrical (b).

As mentioned in the introduction, the occurrence of the side-jets is conditioned by the
appearance of relatively strong vortical structures in an initial jet region. These structures
can originate from the global instability mechanism in variable density jets [1,2,5] or can
be generated by an external excitation [6,7], which is also applied in the present work. It
is assumed to be an axial forcing term eyt (7, t) in Equation (7) that is added to the axial
velocity. It is defined as:

) U,
Uexcit (7/ t) = Asin (27T5texcit 50 t) )

where A and Steycit = fD /Uy are the amplitude and the Strouhal number of the excitation,
and f is the excitation frequency.

At the side boundaries, the axial velocity is equal to the co-flow velocity, while the
remaining velocity components are set equal to zero. The pressure is computed by the
Neumann conditions at the inlet and side boundaries. At the outlet plane, the velocity
components are computed using the convective boundary condition oU; /9t + UcoU;/9n,
where Uc is a convection velocity, which is computed at every time step as a mean velocity
at the outlet plane. The pressure is assumed to be constant at the outlet plane.

Figure 2 shows the computational meshes used in the Cartesian and cylindrical coor-
dinate systems in the cross-section perpendicular to the jet axis. The black circle represents
the localisation of the nozzle edge. In the case of the Cartesian coordinate system, the mesh
consists of 264 nodes in the axial direction and 192 x 192 nodes in the lateral directions.
The mesh is compacted radially towards the jet region using the tangent hyperbolic function
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and axially towards the inlet using the exponential function. The node distribution is such
that across the jet, the cell sizes in the region y,z < 0.6D are almost uniform and equal to
Ay = Az = 0.028D. In the axial direction, the minimum cell size in the direct vicinity of the
inlet equals Ax = 0.039D. It is worth noting that such a mesh was used by Tyliszczak [22]
for the numerical analysis of excited bifurcating and blooming jets. There, a comparison
with the results obtained on a denser mesh (384 x 320 x 320) and experimental data for
different Reynolds numbers were performed. It was shown that the mesh consisting of
264 x 192 x 192 nodes that is used in the present study is sufficient to correctly capture the
round jet behaviour and ensures almost grid-independent solutions. The cylindrical mesh
contains 96 x 64 x 264 nodes in the radial, azimuthal and axial directions, respectively.
In the radial and axial directions, the cell sizes are distributed similarly as on the Cartesian
mesh (Ar = 0.028D, Ax = 0.039D). Along the azimuthal direction, the cell sizes are the
function of the r-coordinate, and at the location r = 0.6D, ALg = 0.03D, where Ly is the
arc length. A distance 0 < r < 0.6D was covered by 24 computational nodes. The test
computations performed on a slightly denser mesh with 128 x 96 x 264 nodes did not
reveal any important differences; hence, the coarser mesh was used in the simulations.

(@) (b)

Figure 2. Computational meshes: Cartesian (a) and cylindrical (b).

3. Results

The computations were carried out for the Reynolds number Re = UyD /v = 5000 for
which the jet dynamics significantly depends both on the variation of the Reynolds number
and the velocity parameters at the nozzle exit [23]. The momentum thickness of the velocity
profile 6 = fooo U/Uy(1—U/Uy)dr was equal to § = D /40, whereas the shape factors (H),
computedas H =6/0 (6 = fooo(l — U/Up)dr—the displacement thickness), was equal to
H = 1.38, which indicates the velocity profile typical for a turbulent flow. The turbulence
intensity was assumed at the levels Ti = u, /Uy = 0.01%, 0.1% and 1.0% (ux—RMS of the
axial velocity fluctuation). The following analysis is divided into two parts:

i.  Non-excited jets, where the influence of the coordinate system (Cartesian vs. cylin-
drical) on an evolution of the natural free jet and analysis of how it changes with the
turbulence intensity level is presented;

ii. Excited jets, where an attempt was made to explain and demonstrate the mechanism
of side-jet formation and to show differences in their occurrence when the jets are mod-
elled applying the Cartesian and cylindrical coordinate systems at different turbulence
intensity levels.

In all analysed cases, the simulations began from a quiescent flow in the domain.
The jet and co-flowing stream started flowing impulsively and freely evolved in space.
After an initial transient time (t = 100D/ Uy), the flow was fully developed, and the time-
averaging procedure was turned on. It lasted for t = 300D /U, after which the obtained
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time-averaged solutions were statistically steady, and further computations practically
did not change them. To make the presentation of the results and their discussion clear,
the particular cases are denoted as: E/NE — Car/Cyl — Tit;, where E means excited jets,
NE stands for non-excited jets, and the abbreviations Car and Cyl represent Cartesian and
cylindrical coordinate systems, respectively. For example, the case E — Car — Tig; refers
to an excited jet with a turbulence level Ti = 0.01% predicted on the Cartesian mesh.

3.1. Non-Excited Jets

Figure 3 shows the contours of instantaneous values of the vorticity modulus in
the central cross-section and isosurfaces of the so-called Q-parameter (Q = 1(Uy/D)?)
obtained for Ti = 0.01%, 0.1% and 1.0% in the Cartesian and cylindrical coordinate systems.
The Q-parameter is defined as Q = O.S(Qijﬂij - SijSij), where ();; and S;; are antisymmetric
and symmetric parts of the velocity gradient tensor. It is often used as an indicator of
vortical structures and coherent motion of vortices [24]. Here, it nicely reveals the presence
of toroidal structures stemming from the Kelvin—-Helmholtz instability. They are formed
downstream from the nozzle and pass through the centres of rolled-up vortices in the shear
layer, where the vorticity level is the largest. Note that the vorticity contours are shown
only if their values are larger than |Q)] = 1(Uy/D). Comparing the presented solutions,
one can see that qualitatively, they are all similar.

15 15 15

(3) NE — Car — TiLO

10 10 10
S 1 e a)
> > by

9
8
7
5 6 5 5
5
4
3
2
1
0 . — 0 0
-4 -2 0 2 4 4
r/D r/D
(b) NE — Car — Ti()_l (C) NE — Car — Ti0_01

Figure 3. Cont.
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Figure 3. Contours of instantaneous values of the vorticity modulus |Q)] x D/Uy in the central
cross-section and isosurfaces of the Q-parameter (Q = 1 (U/D)?) in the Cartesian and cylindrical
coordinate systems obtained for Ti = 0.01%, 0.1% and 1.0%.

As the toroidal structures flow downstream, the axial distance between subsequent
vortices becomes smaller, and they combine and eventually break up into tiny turbulent
structures. Important questions are where the vortices are formed and where their de-
struction happens. It can be seen that lowering Ti moves both these processes further
downstream. Comparing the solutions obtained in the Cartesian and cylindrical coordinate
systems, the first observation is that when the turbulence level is Ti = 1.0% or Ti = 0.1%,
the results are qualitatively very similar; please compare the cases NE — Car — Tij vs.
NE — Cyl — Ti;g and NE — Car — Tip; vs. NE — Cyl — Tip;. On the contrary, when
Ti = 0.01%, significant differences are readily seen. In the Cartesian system, the toroidal
vortices break up very close to the place where they appear (x/D = 4.0). In the cylindrical
system they are better formed and seem to be stronger as they “survive” over a definitively
larger distance downstream. A wavy shape of the vorticity contours on the external edge
of the jet core in the region x/D = 4.0 — 7.0 (see Figure 3f) shows the occurrence of the
almost undisturbed motion of vortices flowing one after the other.

3.1.1. Evolution of the Amplitude Spectra

The above-mentioned periodic behaviour of the motion of the vortices is reflected
in the amplitude spectra of the axial velocity presented in Figure 4 as a function of the
Strouhal number St = fD /Uy, where f stands for the frequency of the recorded signal.
These spectra were computed based on the time signals of the velocity recorded over
the time period of 164D /Uy. Numerical probes were placed along the axis in four points
x/D = 1.0, 2.0, 4.0, 6.0, which allowed detecting the initial phase of the formation of these
vortices and their evolution downstream. The results are presented only for the cases
with Ti = 0.01%, for which the solutions depend on the mesh topology. In the location
x/D = 1.0, the spectra are flat, which means that the toroidal structures observed in
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Figure 3 are formed only further downstream, and they are not an accidental result of
the time-varying velocity profile imposed at the inlet boundary. Indeed, an evident rise
of the frequency is seen starting from x/D = 2.0, and it manifests as a broadband peak
centred at St = 0.58 that agrees well with a characteristic frequency of the preferred mode
(St, = 0.54) reported in [25]. In the point x/D = 4.0, the amplitude of the fluctuations
increases, and in the case of the solution obtained on the Cartesian mesh, the first signs of
the vortex pairing process appear. They manifest in the rise of a rather broadband peak at
St =~ 0.3. Its amplitude grows downstream, and at x/D = 6.0, it reaches a level the same
as the peak corresponding to the basic frequency. It is worth noticing that in the range of
higher frequencies (St > 0.8), the amplitude of the fluctuations are larger in the Cartesian
coordinate systems. This means that in this case, the temporal variation of the small-scale
phenomena is more dynamic.

10°g 10°g
1o P=10 NE-Car-Tiyy, | _pgo'f[ /P40 ——— NE-Car-Tiy,,
E - E NE - Cyl - Tiy ,, % 10° E — NE-Cyl-Tiy,,
=] E =] E
E -4 E E -4 F | M ne—
< 107 < 107k I t 1A
1075me4*‘"“‘ TR T 10—5: L | Lo ‘ | wrw L
0.0 05 s, 10 15 2.0 0.0 05 st 10 1.5 2.0
10°g 10°E
o1 XD=20 NE-Car-Tiy,, | —p10'f x/D=6.0 NE - Car - Tiy,,
g 10° i NE - Cyl - Tiy ,, g 10° F NE - Cyl - Tiy o,
=] E >
S 10°E 5 10°E i i
E 10 'M. | E 10°E
10° ) L Mischasd we vy 10 . L . . . .
0.0 05 s, 10 15 2.0 0.0 05 s, 10 1.5 2.0

Figure 4. Evolution of the spectra of the axial velocity fluctuations registered at the jet axis. The results
obtained for NE — Car — Tipg1 and NE — Cyl — Tig 1.

3.1.2. Instantaneous vs. Time-Averaged Results

Figure 5 shows the contours of instantaneous axial velocity distributions in the
central cross-section in the Cartesian and cylindrical coordinate systems obtained for
Ti = 0.01%, 0.1% and 1.0%. These data are presented on the left sides of the subfigures.
The presented values are normalised by the inlet velocity in the axis, i.e., (Uyx)/Up. It can be
seen that the instantaneous values locally exceed the Uy, which is the result of the vortices’
rollup process in the shear layer of the jet, as one can see in Figure 3. The counterclockwise
rotation of the toroidal vortices causes the acceleration of the fluid in the central part of
the jet. A close analysis of the presented results shows the regions where (Uy) > Uy are
located in between these vortices. Note that these regions occur further downstream when
the level of turbulence intensity is low. In effect, larger values of the time-averaged axial
velocity extend further downstream. Its contours are shown on the right-hand sides of the
subfigures presented in Figure 5. Evidently, with decreasing Ti, the potential core length
(Lpc), i-e., the region in the axis where (U) ~ U, becomes longer. Taking into account the
solutions obtained in the Cartesian and cylindrical coordinate systems, it can be seen that a
substantial difference in Lpc is only seen for the cases with Ti = 0.01%.
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Figure 5. Contours of instantaneous (left sides of the subfigures) and time-averaged (right sides of
the subfigures) values of the axial velocity Uy/Up in the central cross-section in the Cartesian and
cylindrical coordinate systems obtained for Ti = 0.01%,0.1% and 1.0%.
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Profiles of the time-averaged axial velocity and its fluctuation along the axis are
shown in Figure 6. Additionally, to verify the correctness of the present solutions, the
experimental and numerical data from Mi et al. [26], da Silva and Metais [27], and Zaman
and Hussain [28] are presented in Figure 6. These data were obtained for Ti = 1.0% at the
Reynolds numbers Re = 4050 [26] and Re = 10,000 [27,28]. It can be seen that both the
rate of velocity decay in the region x/D > 5 and the potential core length are predicted
accurately. The profiles of the fluctuations also agree relatively well with the literature data,
especially for the case with the same turbulence intensity (Ti = 1.0%). The occurrence of
the maximum of the fluctuations is correctly captured, yet its level is slightly over-predicted.
This, however, can result from differences in spatio-temporal turbulent length scales in the
present simulations and the ones prescribed in the cited references. Taking into account
the impact of Tj, it is clear that its alteration changes the Lpc. It equals Lpc/D ~ 3.5 for
Ti =1.0% and Lpc/D = 5.5 for Ti = 0.01%. Note that the Ti level also affects the growth
of velocity fluctuations along the axis. In all cases, they start increasing before the potential
core regions ends, but this happens further downstream when Ti is low. As a consequence,
the maxima of the fluctuations shift downstream as well.

0.25

0.20
0.8

\ 0.15

— NE-Car-Tij,, X
— — = = NE-Cyl-Tig,,
—— NE-Car-Ti

Uy,
u,/U

010
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Figure 6. Profiles of the time-averaged axial velocity (a) and its fluctuations (b) along the jet axis.
The comparison of the results obtained in the Cartesian and cylindrical coordinate systems [26-28].

Regarding the impact of the coordinate system on the obtained results, it can be seen
that for the highest and moderate turbulence intensities, i.e., Ti = 1.0% and Ti = 0.1%,
the solutions are very weakly dependent on the mesh topology, and the profiles nearly
overlap each other. Similar to the instantaneous solutions, the time-averaged values differ
significantly when Ti = 0.01%. On the Cartesian mesh, the profile of the axial velocity
obtained for Ti = 0.01% is similar to the one computed for Ti = 0.1%. Additionally,
the maxima of the fluctuations for these two cases occur in almost the same location
(x/D =~ 8.0), yet the localisations where the fluctuations start growing in the near field
of the jet differ substantially. In the cylindrical coordinate system, the profiles obtained
for Ti = 0.01% seem to be closer with expectations. A lower Ti causes a shift of the
axial localisation, where the mean velocity starts to drop down (x/D = 6.5), which, as a
consequence, leads to the preservation of the axial momentum over a longer distance. Note
that at x/D = 10.0, the axial velocity is equal to (U) /Uy = 0.54 when it is computed in the
Cartesian coordinate system, whereas it equals (U) /Uy = 0.68 in the cylindrical system.
This is additionally associated with the shift of the maximum of the fluctuations over 2D
downstream.
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3.2. Excited Jet

The results obtained in the previous section have shown that for the cases in which
the turbulence intensity is low, the solutions obtained in the Cartesian and cylindrical
coordinate system differ significantly. In this section, we analyse how these findings
translate to the excited jets and the formation of the side-jets. To trigger them, forcing is
applied according to the Equation (9) defined in Section 2.1. As discussed by Tyliszczak
and Geurts [29], the forcing is effective only when its amplitude is higher than the level of
inlet turbulence intensity. Hence, the amplitude A/Uy = 5% and the frequency based on
Stexcit = 0.3, which corresponds to the subharmonic frequency of the preferred mode in the
natural jet, are assumed as forcing parameters. Note that this frequency is associated with
the vortex pairing process, and, as shown by Crow and Champagne [30], the forcing at this
particular frequency causes the generation and largest growth of an additional maximum
in the profile of the axial velocity fluctuations.

Figure 7 shows the profiles of the axial velocity fluctuations along the axis obtained
for different levels of the turbulence intensity. The forcing significantly amplifies the
fluctuations and causes the emergence of the above-mentioned second maximum of the
fluctuations at x/D = 3. This localisation agrees very well with [30,31]. The observed
development of the perturbation close to the inlet is attributed to the nonlinear interactions
of the primary structures that emerged due to the Kelvin—-Helmholtz instability in the direct
vicinity of the nozzle. They interact and form larger structures at x/D ~ 3. Note that
this distance is independent of Ti. On the contrary, the maximum level that is attained
by fluctuations is visibly dependent on Ti, and it turns out that it is larger when Ti is
low, i.e., Ti = 0.1% and Ti = 0.01%. This means that a high level of natural turbulence
prevents the formation of strong vortical structures and their downstream evolution and
amplification. Concerning the impact of the coordinate system involved in the simulations,
it can be seen that the fluctuation profiles are similar for the cases Ti = 1.0% and Ti = 0.1%.
Again, a strong influence of the coordinate system is seen for Ti = 0.01%, especially
when the profiles downstream of the location x/D = 5 are compared. The local maxima
occur in almost exactly the same localisations as for the non-excited jets (x/D =~ 8.0 and
x/D = 10.0), but the one predicted in the Cartesian coordinate system is visibly higher. The
next section examines the extent to which the turbulence intensity and coordinate system
in which the simulations are performed affect the prediction of the formation of side-jets.

0.30 - 0.30 -
E - Car - Tig | E - Car - Ti,,
I - — — = E-Cyl-Tigy - — — - E-Cyl-Tiy,
E-Car-Ti, ol
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Figure 7. Profile of the axial velocity fluctuations along the jet axis in excited jets in the Cartesian and
cylindrical coordinate systems at Ti = 1.0%, Ti = 0.1% (a) and Ti = 0.01% (b).
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3.3. Physics of the Side-Jets Formation Phenomenon
3.3.1. Generation of Longitudinal Streamwise Vortices

The mechanism of side-jet formation was studied experimentally by Monkewitz and
Pfizenmaier [6] and numerically by Brancher et al. [9]. In both cases, the number and
orientation of the side-jets were fixed by an external jet perturbation. In the experimental
analysis [6], stabilisation of the side-jets at fixed azimuthal angles was achieved by a
corrugated nozzle, which caused deformation of the vortex structures at specific locations.
In the DNS [9], the deformation of the vortex rings was introduced by application of an
azimuthal perturbation. In both studies, the side-jets originated from a velocity induction by
pairs of counter-rotating streamwise vortex structures, which connect the two consecutive
distorted vortex rings. The same mechanism of the side-jet formation is revealed in the
present simulations in both the Cartesian and cylindrical coordinate system. Figure 8
presents the iso-surfaces of the Q-parameter, contours of the streamwise vorticity and
the radial velocity with the velocity vectors in the cross-section perpendicular to the jet
axis obtained for the test cases with the lowest turbulence intensity (E — Car — Tig
and E — Cyl — Tipg1). The Q-parameter exhibits the formation of pairs of streamwise
vortical structures. Sometimes, they are called rib or braid vortices, and their occurrence is
frequently reported in studies of non-circular jets, e.g., rectangular, triangular or hexagonal
jets [32]. There, the rib vortices originate from local disturbances introduced by the corners
of the nozzles. In the present case of circular jets, the rib vortices are generated by a
slightly different mechanism. A careful analysis of the results presented in Figure 8a shows
that there are four pairs of ribs. If one plots them with the computational mesh in the
background, one could readily see that the ribs are generated along the diagonal directions
of the mesh, and the azimuthal distance between neighbouring pairs is 90 deg. Hence, it
is inferred that the disturbance that triggers the formation of rib vortices is introduced by
an azimuthal non-uniformity of the computational mesh. Indeed, at angles of 45, 135, 225
and 315 deg, the spacings between the mesh nodes along the radius of the jet are the
largest, and thus, the accuracy of approximation in these directions is the worst. In effect,
the generated ribs are persistent in the same localisations during the whole simulation.
Knowing the origin of perturbation in the Cartesian coordinate system, one may ask “What
is the mechanism of the formation of braids when the computations are performed in the
cylindrical coordinate system?” The iso-surfaces of the Q-parameter in Figure 8b clearly
show the pairs of rib vortices, but their localisation and number have nothing common with
the mesh structure and seem accidental. Indeed, as will be shown later when the cylindrical
coordinate system is used, the number of ribs and their spatio-temporal occurrence can
be regarded as a random process conditioned by the randomness of the inlet velocity
perturbation. If at a given instant in time and at a given azimuthal angle in the inlet plane
of the cylindrical mesh the generated velocity disturbance has a tendency to grow faster
than the disturbances in the neighbouring localisation, it creates rib vortices.
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Figure 8. Iso-surfaces of Q-parameter Q = 1(Up/D)? (a,b left) and contours of streamwise vorticity
wyx x D/Uy (a,b right top) and radial velocity U, /Uy (a,b right bottom) with velocity vectors.

3.3.2. Mechanism of the Formation of Side-Jets

The subsection focuses on the role of the rib vortices in the formation of the side-jets.
In Figure 8a,b, it can be seen that they are pushed outside by the vortex ring. The contours
of the streamwise vorticity and radial velocity are shown in the cross-sections passing
through one pair of the ribs. Note that the streamwise vortices are counter-rotating, which
is additionally visualised by the velocity vectors. This causes the ejection of the fluid
from the jet core towards the jet periphery, as can be inferred based on large values of the
radial velocity. This stream forms a side-jet. Note that the presented scenario is exactly
the same in the Cartesian and cylindrical coordinate systems, and the only difference is
the mechanism of the generation of rib vortices. The influence of the turbulence intensity
level on these phenomena will be presented in the next subsection. The formed side-
jets are presented in Figures 9 and 10. They show the iso-surfaces of the axial velocity
(Uyx /Uy = 0.2) and the axial velocity distribution in the cross-sections perpendicular to
the jet at the axial distance x/D = 9. As can be seen in Figure 9, showing the solution
obtained in the Cartesian coordinate system, there are four side-jets located at the diagonals
of the computational domain that correspond to the directions of the worst mesh resolution
along the radius, as discussed above. The solution obtained in the cylindrical coordinate
system, presented in Figure 10, is significantly different. In this case, only three side-jets are
observed, and they are randomly distributed along the azimuthal direction. During the
simulation, the number of side-jets and their localisation in the cylindrical coordinates
change and, as suggested above, seem to have unpredictable nature. Figure 11 shows the
contours of an instantaneous axial velocity in the cross-section located at x/D = 9, where
the side-jets are clearly visible. Particular subfigures refer to the solutions at selected time
moments spaced by AT = 10D/ Up. It can be seen that in the Cartesian system, the side-jets
are always in the same four places, and only the values of the velocity inside them changes,
as this depends on the strength of the counter-rotating vortices in the ribs. This, on the
other hand, is connected to the time-varying strength of the toroidal vortices that push
them away from the jet core. In the case of the cylindrical system, the situation is different;
see Figure 12. Here, the side-jets are formed in different locations; the velocities inside them
differ, and moreover, there are time moments, e.g., Figure 12¢, when the side-jets disappear.
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Figure 9. Iso-surfaces of the axial velocity Uy /Uy = 0.2 (a) and contours of axial velocity Uy /Uy at
the plane perpendicular to the jet axis (b). The results are obtained for the case E — Car — Tig 1.

() (b)

Figure 10. Iso-surfaces of the axial velocity Uy /Uy = 0.2 (a) and contours of axial velocity Uy /Uy at
the plane perpendicular to the jet axis (b). The results are obtained for the case E — Cyl — Tig ;.
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Figure 11. Contours of an instantaneous axial velocity Uy /Uy at the plane perpendicular to the jet
axis x/D =9 for the case E — Car — Tig 1.
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Figure 12. Contours of an instantaneous axial velocity U, /Uy at the plane perpendicular to the jet

axis x/D =9 for the case E — Cyl — Tig 1.

3.3.3. Impact of Ti on the Formation of Side-Jets

The mechanism of side-jet formation has been explained in the previous section. Now
it is analysed whether the above explanations are valid for the cases with larger Ti. In
an analogy with Figures 11 and 12, the results obtained for the cases with Ti = 0.1% and
Ti = 1.0% are presented in Figures 13-16. As can be seen, for Ti = 1.0%, the side-jets do not
appear either in the Cartesian coordinate or cylindrical systems. They occur for Ti = 0.1%,
but their number and azimuthal locations differ. In the Cartesian system, contrary to what
we can see in the case with Ti = 0.01%, the occurrence of side-jets is random and not
along the diagonal directions. Worth noticing is the fact that they expand in the radial
direction over a larger distance and are more irregular than in the case with Ti = 0.01%.
The random occurrence of the side-jets is caused by the disturbance generated at Ti = 0.1%
that overwhelms the disturbances related to the azimuthal mesh non-uniformity. A larger
irregularity of the side-jets also takes place in the cylindrical coordinate system. As can be
seen in Figure 15, three or four side-jets appear at particular time instances, but they are
not as well formed as for the case with Ti = 0.01% (Cf. Figure 12).
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Figure 13. Contours of an instantaneous axial velocity Uy /Uy at the plane perpendicular to the jet

axis x/D = 9 for the case E — Car — Tij 1.

Summing up the above observations, one can say that: (i) a high level of natural
turbulent intensity prevents the formation of the side-jets, as already mentioned in the
introduction; (ii) the mechanism that triggers the development of the rib vortices creating
the side-jets has atwofold nature, i.e., strictly numerical, stemming from the azimuthal
non-uniformity of the mesh in the Cartesian coordinate system, and physical, originating
from the non-uniformity and randomness of the disturbances at the nozzle exit in the
cylindrical coordinates; (iii) in the Cartesian coordinate system, the localisation and number
of the side-jets is random only when the naturally generated disturbances are larger than
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the disturbances resulting from the azimuthal mesh non-uniformity. One can conclude that
for modelling the side-jet phenomena, one should use the cylindrical coordinate system.
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Figure 14. Contours of an instantaneous axial velocity Uy /Uy at the plane perpendicular to the jet
axis x/D =9 for the case E — Car — Tiq .
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Figure 15. Contours of an instantaneous axial velocity Uy /Uy at the plane perpendicular to the jet
axis x/D =9 for the case E — Cyl — Tig .
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Figure 16. Contours of an instantaneous axial velocity Uy /Uy at the plane perpendicular to the jet

axis x/D =9 for the case E — Cyl — Tiy .

4. Conclusions

The investigations presented in this paper were focused on the influence of the numer-
ical approach on the accuracy of LES modelling of natural and excited jets. The numerical
approach differed by the coordinate system in which the Navier—Stokes equations were
formulated and discretised, i.e., the solutions obtained in the Cartesian and cylindrical
coordinate systems were compared. Calculations were performed for different levels of
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the turbulence intensity, Ti = 1.0%, Ti = 0.1% and Ti = 0.01%. For natural jets, the com-
parison of the solutions was performed based on instantaneous and time-averaged results.
For the cases with Ti = 1.0% and Ti = 0.1%, the solutions were almost independent
of the coordinate system. On the other hand, significant differences were observed for
Ti = 0.01%. In this case, both the potential core length and localisations of the maxima of
the fluctuations diverged substantially.

Analysis of the excited jets concentrated on the identification of the side-jets and the
explanation of the mechanism of their formation. These computations were also performed
in the Cartesian and cylindrical coordinate systems. In the former case, for Ti = 0.01%,
the obtained results revealed the formation of four side-jets extending only along the
diagonals of the computational domain. Such an unnatural behaviour was attributed to
the non-uniform mesh resolution along the azimuthal direction, leading to different levels
of derivative approximation errors. This phenomenon was diminished for the case with
Ti = 0.1%, for which the natural disturbances introduced at the nozzle exit dominated over
the numerically induced disturbances. In this case, the side-jets had the tendency to appear
in a definitively more random manner. For Ti = 1.0%, the side-jets did not appear. The
application of the cylindrical coordinate system excluded the azimuthal non-uniformity of
nodes, and in this case a random number and location of the side-jets were observed.

The conducted analysis showed that the mechanism leading to the formation of the
side-jets is essentially the same in both coordinate systems, i.e., it is a localised disturbance.
However, its origin can be different—numerical or physical—as demonstrated in the paper.
Knowing that the formation of side-jets has a temporary and random character, one can
conclude that it can only be predicted correctly in the cylindrical coordinate system. This
avoids artificial perturbations along the azimuthal direction, which leads to the deformation
of the vortex rings and the unphysical creation of the rib vortices.
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