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ABSTRACT

The flow structures in a confined jet are studied at high
Reynolds and Schmidt numbers using Large Eddy Simula-
tions (LES) and Planar Laser Induced Fluorescence (PLIF)
methods. Both the flow mode without the recirculation
zone (jet mode) and with the massive separation and cre-
ation of the recirculation zone (r-mode) are considered. The
scalar field in the r-mode experiences long period tempo-
ral oscillations which are in nearly opposite temporal phase
at symmetrical points with respect to the pipe centerline.
Detailed analysis of vorticity and scalar fields shows that
the reason for such flow behavior are coherent vortex struc-
tures appearing on the boundary between the jet and the
coflow. They induce oscillating motions across the pipe
and transport the scalar against the main flow direction
within the recirculation zone. Despite of the big difference
in the flow modes, the fine scale scalar structures investi-
gated using highly resolved PLIF possess similar statistical
properties such as the normalized cumulative distributions
and probability densities of the dissipation rate. The fine
scalar structures are nearly isotropic with the scalar gradi-
ent vector having a slight preference to align with the most
compressive strain axis. The scalar field exhibits small-scale
intermittency which is strongly dependent on the flow mode.

INTRODUCTION

Mixing in coaxial confined jets has been investigated for a
long time because of many practical engineering applications
in e.g. combustion chambers, injection systems, chemical
mixing devices and many others. In this paper the coaxial
axisymmetric jet mixer consisting of a nozzle of diameter d
positioned along the center line of a pipe of diameter D has
been considered (see Fig. 1 from Kornev et al.(2005)). The
fast inner jet (water) with the bulk velocity Uy is confined by
a slower outer coflow (water) with velocity Up < Ug. The
most important parameters determining the mixing process
are the flow rate ratio Vp/Vy, the diameter ratio D/d and
the Reynolds number Reg = dUy/v.

Most publications on confined jets are about configu-
rations in which the inner jet is much slower than the
coflow Uy/Up < 1 (see, for instance, Rehab et al. (1997),
(2003), and Lima and Palma (2002)).
These investigations are motivated by two important ap-
plications: stabilization of flame fronts by swirl burners and
the saturation of air co-flow with molecules of substances
transferred by the internal jet. Rehab et al. (1997) revealed
and investigated sustaining low-frequency pulsations caused
by the recirculating flow cavity arising on the axis in the
inner jet region. The structure of this reverse flow zone is
similar to the well known wake-type structure behind bluff
bodies. Similar phenomena are discussed in this paper for
the case of confined coaxial jets with Ug/Up > 1 in which
the reverse flow region is not on-axis but near the wall.

Mortensen et al.
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Surprisingly, the case Uy;/Up > 1 has attracted less
attention although this flow mode is very important for ho-
mogenization devices and free jet reactors. Two different
flow modes can be observed in jet mixers, depending on the
flow rate ratio Vo /Vy (see Barchilon and Curtet (1964)). If
D/d < B(1 + Vp/Vy), where 8 ~ 1 is found from a sim-
ple entrainment model), the flow is similar to a free jet
(henceforth referred to as jet-mode or j-mode for short).
If D/d > B(1 4 Vp/Vy) a strong flow separation at the
pipe walls results in a recirculation zone (see Fig.7 in Zh-
danov(2006a)) behind the nozzle (henceforth referred to as
recirculation-mode or r-mode for short). A qualitative de-
scription of the r-mode is given by Barchilon and Curtet
(1964).

The flow phenomena in a jet mixer has been the subject
of our previous experimental and numerical works (see Ko-
rnev et al. (2005), Zhdanov et al.(2006a), Hassel et al.(2006),
Tkatchenko et al.(2007)). Our study showed that the flow
in the r-mode is highly unsteady and time averaged results
do not describe properly the true nature of flow phenomena
typical for this mode. The presence of long period temporal
oscillations with a sort of opposition-of-phase of the flow is
revealed and quantified.

The present paper focuses on the study of macro- and mi-
crostructures in the jet mixer at Ug/Up > 1. The following
questions are considered:

e What kind of flow structures are responsible for the
appearance of sustaining low-frequency oscillations in the
r-mode? Why are the oscillations nearly antisymmetric?

e What kind of scalar microstructures are created in a
confined jet?

e What are the statistical properties of the microstruc-
tures in different flow modes?

e How does the intermittency of the scalar field behave
along the jet for different flow modes?

e What is the preferential orientation of the scalar mi-
crostructures?

o Which scales do make the main contribution to the
scalar variance?

EXPERIMENTAL SETUP

Experiments were made in a closed water pipe for fully
developed turbulent liquid flow (Sc ~ 103) at Req
dUg/v = 10*. The diameter ratio was D/d = 5. The pa-
rameters of experiments are given in table 1. Further details
on the experimental setup can be found in Zhdanov et al.
(2006a and 2006b). Two different PLIF measurement series
have been performed (see table 2). The purpose of the first
series with the spatial resolution 300um is the investigation
of macrostructures of the scalar field whereas the second one
with the resolution 31um focuses on the study of scalar mi-
crostructures. Time resolution in both series is limited by
the frequency of laser pulsations of 10 Hz.

Mixture frac-



Table 1: Parameters of experiments.

Param. Uy (ms™!') Up (ms™1) Vy4/Vp
j-mode 1.19 0.06 5.0
r-mode 1.75 0.1 1.3

Table 2: Parameters of PLIF measurements. Bag is the
Batchelor scale at /D = 9, t is the laser sheet thickness
within the measurement window

Series  Resolution R Window t R/Bag
() (mm)  (um)
1 300 50x50 300 ~ 30
31 2.74x2.08 40 ~3

tion distributions at different x/D are calculated from the
emitted rhodamine intensity distributions I referred to the
maximum intensity Io determined on the centerline in the
first cross section at z/D = 0.1. The measurements were
performed at 0.1 < z/D < 9.0.

According to our numerical estimations of the dissipation
rate the Kolmogorov scale lies in the range between 30u
and 300y what corresponds to the range of the Batchelor
scales between 1p and 10u. Therefore, the smallest scalar
structures were not resolved in PLIF measurements.

NUMERICAL METHOD

The liquids, we use water, are assumed to be incompress-
ible and miscible.
by LES filtering the Navier-Stokes equation, the continu-
ity equation and the transport equation for the mixture
fraction f (see Tkatchenko et al.(2007)). The unclosed sub-
grid stress (SGS) tensor and the subgrid contribution to the
scalar dynamics are modeled in terms of filtered quantities
using the dynamic mixed model (see, for instance, Sagaut
(2003)). The LES code for the numerical solution of gov-
erning equations uses an explicit time integration method of
374 order Runge-Kutta scheme with adaptive time step con-
trol at a constant Courant-Friedrich-Lewy (CFL) criterion
CFL = 0.35. For spatial discretization and for interpola-
tion on a staggered grid arrangement central differences up
to 4*" order type are used. For the convection terms of
the scalar transport equation a total variation diminishing
scheme is applied to avoid oscillations due to strong gradient
of scalar in the initial part of the nozzle jet. The wall model
of Grotzbach and Piomelli (see Sagaut (2003)) was used to
avoid high resolution necessary for LES simulations in the
wall region.
times based on the bulk velocity of the jet Ug. Numerical
calculations are carried out in the computational domain
with a length of eight pipe diameters using an inhouse code
for LES. In terms of D the computational domain has the
size 8 X 27w X 0.5 in a cylindrical coordinate system (z, 0, ).
A total number of grid cells was varying between 5-10% and
2.2-107. A thorough validation of the used mathematical
model for the jet mixer is given in Tkatchenko et al.(2007).
LES has been used for investigations of the flow macrostruc-
tures only. Nowadays, the resolution necessary to simulate
the scalar microstructures at high Re and Sc numbers con-
sidered in this paper is unachievable.

The governing equations are obtained

Statistics is calculated using 66 throughflow
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RESULTS

Macrostructures of the flow

Experimental and numerical simulations revealed two re-
markable peculiarities of the flow in the r-mode mentioned
by Barchilon and Curtet (1964). First, the flow within the
recirculation zone is highly unsteady and nearly periodic
with a dominating long period mode. The Strouhal num-
ber of the dominating mode based on the tube diameter D,
the period of oscillations 7. and the incoming co-flow veloc-
ity Up is Sh = D/UpT. =~ 0.12 . Long period oscillations
with a dominating frequency are typical for the recircula-
tion area where large vortex clusters are generated. They
disappear in areas filled with small scale vortices and scalar
structures at /D > 2 and in the proximity to the mixer
centerline. Dominating oscillations are also not observed in
the j-mode. Second, the oscillations at symmetrical points
with respect to the centerline (r/D = 0) of the jet mixer are
nearly antisymmetric. The flow is self-organized in such a
way that the most probable event is a mixing increase at one
point and a simultaneous mixing decrease at its counterpart
with respect to the centerline and vice versa. This interre-
lation is true in the statistical sense. These facts are clearly
supported in the history of the mixture fraction recorded
by the PLIF method and the analysis of the autocorrelation
function of the mixture fraction fluctuations across the pipe
(see Fig. 5 from Hassel(2006)). These two flow phenomena
have thoroughly been investigated and documented in our
papers (see Zhdanov et al. (2006a) and Hassel et al. (2006)).
The aim of the present paper is clarification of the physical
mechanisms responsible for the presence of long period an-
tisymmetric oscillations. The PLIF captures only a trace of
the scalar field in the measurement plane and don’t reflect
the three dimensional phenomena. That is why the further
analysis is based mostly on LES calculations.

The LES analysis indicates that the reason for the oscilla-
tions in the recirculation zone are concentrated vortex struc-
tures arising due to instability of primary spanwise vortices.
What kind of structures cause the long period antisymmetric
oscillations can be understood better by a detailed consid-
eration of the following flow event. Analysis of the mixture
fraction field shows that a strong scalar ejection is observed
between time instants ¢ = 27.0 and ¢t = 27.027 seconds at
z/D =~ 1.7. The two peaks scalar structure designated as
SS is shown in Fig. 1. The three dimensional snapshot of
the vortex magnitude |w| = [w2 + w2 + w2]1/2 field (Fig. 2)
revealed the presence of two strong vortex structures (V5)
located approximately in the same flow area. These can be
interpreted as A-like structures with streamwise legs put into
the jet core. The structures are inclined against the main
flow direction. The rotational motion inside of the structures
is shown in Fig. 2 by curvilinear arrows. The structures in-
duce the motion in the vertical direction which impacts with
the pipe wall and leads to the creation of strong secondary
vortices on the wall (the area S in Fig. 2). The ascending
flow induced by the structures causes the vertical scalar flux
shown in Fig. 1.

The interaction between the flow and a vortex structure
is schematically illustrated in Fig.3. Through stretching ef-
fects the vortex structures can become strong and induce
flow and scalar flux towards the pipe wall (Fig.3). It leads
to a scalar concentration near the pipe wall above the vortex
structures and simultaneously to a deficiency on the oppo-
site side of the pipe cross section. This is the reason for the
phase shift of scalar fluctuations at symmetrical points with



respect to the centerline.

Analysis of turbulent fluxes W and W supplement
the description of the scalar dynamic processes gained from
analysis of Fig. 2. Particularly, it was shown that the trans-
fer of the scalar into the recirculation zone occurs mostly
by back flow effects (see the flow 1 in Fig.3) rather than by
positive transversal transfers of the scalar from the central
flow core (see the flow 2 in Fig.3).

When the coflow velocity Up increases the vortices aris-
ing in the primary jet become weaker. They are not able to
induce the flow motions across and against the main flow di-
rection which could be strong enough to overcome the coflow.
The effects discussed above are weakening and the flow is
changing into j-mode.

Figure 1: Iso-surface of the mixture fraction f = 0.425. SS
stands for Scalar Structure under consideration. LES calcu-
lation of the r-mode at t = 27.027 s.

/D

Figure 2: Vortex structures of the flow identified as the iso-
surfaces |w| = 102. VS- vortex structures, S- area of the
secondary vortices at the pipe wall. LES calculation of the
r-mode at t = 27.027 s.

Microstructures of the scalar field

The last five problems formulated in the Introduction
have been studied using PLIF with the resolution 31 pm.
A sample of the spatial spectrum shown in Fig. 4 indicates
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Figure 3: Schematic representation of scalar flux induced by
vortex structures.

that the inertial convective range of the spectrum is well
resolved for all z/D. A least-squares fit to the Kolmogorov-
normalized data gives slopes -1.686 at z/D = 2, -1.684 at
z/D =3,-1.745 at /D =5, -1.73 at /D = 7 and -1.68 at
z/D =9. At large /D = 9 the resolution 31 pum proved to
be enough to resolve the viscous convective range Ey ~ k=1
typical for large Schmidt numbers mixing flows.
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Figure 4: Scalar spectrum at different z/D along the mixer
centerline. J-mode.

Structure of the scalar and dissipation rate fields. As
mentioned above the large scale scalar structures of the j-
and r- modes are quite different. The scalar integral scale
is growing up to #/D & 3 in both flow modes (see Fig.5¢ in
Zhdanov(2006a)). Within the recirculation zone the struc-
tures become smaller and the integral scale is decreased at
z/D > 3. In the j-mode the integral scale is continuing to
grow up to #/D ~ 7, where the strong interaction between
the jet and the pipe wall takes place, and then decreases.
This evolution is reflected in sample fields shown in Fig.5
recorded at x/D = 7. While scalar layers with thickness of
a few dozen microns can be recognized in the j-mode (Fig.5,
left), the scalar field in the r-mode (Fig.5, right) seems to
be fully smoothed. However, as shown below, the fine scalar
structures have certain similar statistical properties in both
flow modes. Fig. 6 shows examples of an instantaneous
dissipation rate fields x = VfV f(z,y,t) obtained from the
in-plane projection of the true scalar gradient vector field
using the Sobel operator. The dissipation rate maps pro-
vide more contrast and allowing the structures to be more
The scalar dissipation rate is concentrated
in thin dissipation layers (see Fig. 6). Three fundamental
topologies can be identified in the scalar field. They include

readily seen.



long regions consisting of many straight and nearly parallel
dissipation layers, areas where two such long regions meet
orthogonally and spiral structures (see Fig. 6).

Figure 5: Sample planes at /D = 7 in the j-mode (left) and
r-mode (right)

9fy2
35)

Figure 6: 2D Scalar dissipation rate x = (%)2 +(
on the centerline at /D = 2 in the r-mode.

Cumulative distributions and probability densities of the
dissipation rate. Fig.7 shows the fraction of the total data
volume in which the local scalar dissipation rate is greater
than some threshold value x (see Buch and Dahm(1996)),
namely Ag(x) = f dA, ., /dA, where A is the measurement
window area. The rapid drop of Ag, called as the cumulative
distribution function(c.d.f), at very low values of x reflects
the fact that the scalar dissipation field is composed primar-
ily of very low values, with high vales occurring infrequently
(see Buch and Dahm(1996)). Notice that c.d.f. depends
weakly both on the flow mode and on z/D. In accordance
with this fact, the p.d.f of the Logio[x/(f/D)?] are almost
the same for both flow modes (see Fig.8). The curves for
xz/D = 7 were artificially centered on the same mean value
of Logio[x/(f/D)?]. Typical deviations between the experi-
mental data and the Gaussian distribution having the same
two first moments are observed. An interesting result of this
study is that the similarity laws of the scalar microstruc-
tures (e.g. the similarity laws for c¢.d.f. and p.d.f.) revealed
in highly resolved measurements performed by Buch and
Dahm(1996) for shear flows hold true in our study although
we did not resolve the smallest (Batchelor) scales of the
scalar field.

Intermittency. The scalar field is observed to exhibit
small-scale intermittency. The scalar difference Af(r) =
f(r) — f(0) is non Gaussian and intermittency is observed
at inertial range scales (Fig. 9). The intermittency is most
pronounced in the front part of the recirculation zone at
/D = 1 and r/D = 0.25. In the well mixed stage at
2/D > 3 in the r-mode the scalar difference statistics is
almost Gaussian. In the j-mode the intermittency on the
centerline is observed up to z/D = 9. On the centerline
r/d = 0 the intermittency is less than at r/d = 0.25 for both
flow modes. In all measurements the kurtosis tends to the
Gaussian value of 3 at large scales and at scales correspond-

ing approximately to the end of the inertial range. Most
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Figure 7: The cumulative distribution function of scalar dis-
sipation rates versus x normalized with the corresponding
measured median dissipation value x509
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Figure 8: The PDF of the logarithm of the scalar dissipation
rate x.

likely, the latter can be explained by insufficient resolution
and noise in the PLIF data.
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Figure 9: The kurtosis of the scalar difference Af(r) =
f(r) — f(0) as a function of the separation r. r-mode.

Small-scale anisotropy and orientation of the scalar struc-
tures. Small- scale isotropy is assessed by testing if the
measured scalar gradient vector V f(z,r,t) shows any pre-

ferred orientation in the p.d.f. distribution of the angle



¥ = tan~! af/ag measured in the z,r-plane from the x-

axis. The results are shown in Fig. 10 and 11 at different
z/D along the mixer centerline both in the r- and the j-
modes. If the underlying field V f(x, r, t) were fully isotropic
then the distribution of ¥-values should appear uniform (see
Buch and Dahm(1996)). Notice that despite of a quite differ-
ent structure of the flow in the r- and the j-mode the p.d.f.
distributions of ¢ is independent of the flow mode. Since
the main flow has its principal compressive strain axis ly-
ing along the mixer centerline the p.d.f. distribution has
two peaks at ¥ 0 and ¥ +n. At z/D 1 and
/D > 2 the most preferred orientation is ¥ = £7 what
is quite expectable since the orientation angle of the mean
scalar gradient is 7. However, at /D = 2 the orienta-
tions ¥ = 0 and ¥ = £m are equally preferred. This is the
flow zone where the compressive effects causing the equiva-
lence of the directions ¥ = 0 and ¥ = £ are large whereas
the mean scalar gradient responsible for the preference of
the direction ¥ = =47 is sufficiently weakened in compar-
ison with that in the section #/D = 1 (see Fig. 5a and
5b in Zhdanov et al.(2006a)). At x/D > 2 the scalar gra-
dient field is very nearly isotropic with a slight preference
of the gradient vector to align with the most compressive
strain axis and the mean scalar gradient. Fig.
the gradient vector orientation angles at r/D = 0.25 in the
r-mode. The most pronounced anisotropy is detected in the
front part of the recirculation zone at /D = 1 whereas
at /D > 2 the scalar field is nearly isotropic. The dis-
tributions were calculated for all possible scalar gradients
vectors (p.d.f (9)), for all vectors corresponding to the dissi-
pation rates larger than the mean dissipation rate xm (p.d.f
(Y9]x > xm)) and for the vectors corresponding to the dissi-
pation rates larger than 1.2xm (p.d.f (¢|x > 1.2xm)). Such
analysis is necessary from two reasons. First, the layers
which are orthogonal to the measurement plane are sepa-
rated from the layers which are oriented at an oblique angle
to the laser sheet. Indeed, the thin high-dissipation lay-
ers are oriented approximately normal to the measurement
plane because a layer that was oriented at an oblique an-
gle with respect to the laser sheet would appear thicker and
exhibit lower dissipation. In so doing the disadvantages of
the PLIF measurement providing only 2D information can
be mitigated. Second, the small structures with high dis-
sipations are separated from large ones which are always
present in the recirculation zone. The results show clearly
that at ©/D = 1 the gradient vector of scalar structures cor-
responding to different dissipation rates has the preferential
direction at approximately ¢ ~ —50 deg what is in agree-
ment with the orientation of the most compressive strain
axis ¥sq & —46 deg gained from our LES. The orientation

~

11 shows

of the mean scalar gradient ¥, = tan—12L/0v ~ 75 deg
of )0z

differs from 9. Like in the case r/D = 0, the scalar gra-
dient field at /D = 0.25 becomes isotropic at large z/D.
However, there exists a preferential orientation of the scalar
gradient vector which agrees well with the orientation of the
most compressive strain axis (9sq & —42 at /D = 3 and
¥sa &~ 21 at /D = 5). No correlation is found between ¥
and Y.

Contribution of different scales to the scalar variance. The
variance of the mixture fraction in liquid mixtures should be
larger than in gas mixtures since the diffusion effects charac-
terized by the Schmidt number are sufficiently less in liquids
than in gases. This fact which is beyond doubts is explic-
itly used in the multiple- time- scale (MTS) turbulent mixer
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Figure 11: The distribution of the scalar gradient orientation
angles at r/D = 0.25, r-mode. The vertical dot lines show
the orientation of the most compressive strain axis.

model proposed by Baldyga (1999). The local variance o is
represented as the sum of three terms o1, o2 and o3 corre-
sponding to the inertial-convective (o1), viscous-convective
(o2) and viscous- diffusive (o3) ranges of the scalar spec-
trum Ey(k). Results calculated using the MTS model (see
Chorny(2007)) are presented in Fig. 12. The PLIF data
gained from the first series with the resolution being at
/D = 9 thirty times larger than the Batchelor scale agree
relatively well with the LES results obtained using the SGS
models developed for gas mixtures (Sc ~ 1). At first glance
the large discrepancy between LES, PLIF and MTS model
can be explained by the insufficient resolution of LIF mea-
surements and by gaps in SGS modeling. One could expect
that the tenfold increasing the resolution in the second LIF
series should result in a sufficient increase of the mixture
fraction variance and in the reduction of the discrepancy
between MTS and LIF data. However, new LIF data are
proved to be very close to the old ones and they agree almost
perfectly with the LES. The further analysis showed that the
dominating contribution to the scalar variance is made by
large scale oscillations corresponding to the energy contain-
ing and inertial convective subranges of the spectrum. The
contribution from oscillations with scales of a few Batchelor
lengths, which were not resolved in the first LIF series and



not taken into account in the SGS LES models, is minor, i.e
o1 > o2 and o1 > o03. Obviously, this the reason why the
LES models originally developed for the case Sc ~ 1 provide
quite reasonable results for the scalar variance in liquid mix-
tures. The discrepancy between the RANS MTS model and
measurements can be explained by general disadvantages of
the RANS technique compared with LES (see Tkatchenko
et al.(2007)) and by sufficient overestimation of o2 and o3
contributions in the MTS model.
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Mixture fraction variance versus z/D for j- and

CONCLUSIONS

The macrostructures of the flow in a confined jet config-
uration depend strongly on the flow mode. In the j-mode
the structures are similar to those of the free jet. In the r-
mode the coherent vortex structures with dominant stream-
wise components of vorticity cause oscillations containing
a dominating long period mode. These structures arising
periodically in the primary nozzle jet cause scalar ejections
towards the pipe wall and propagation of the scalar against
the main flow. Due to the vortex induced transversal and
axial motions the scalar concentration increases on one side
of the pipe and decreases on the opposite one. As a result the
phase shift of scalar fluctuations is observed at symmetrical
points with respect to the pipe centerline. Schematically,
a typical scenario which leads to the phase shifted scalar
oscillations is shown in Fig.3. These vortex structures be-
come weaker as the coflow velocity Up increases. The effects
discussed above get smaller and the flow is changing into j-
mode.

Despite of the big difference in the structure of the
macroflow, the fine scale scalar structures possess certain
similar statistical properties. For instance, the normalized
cumulative distributions and probability densities of the dis-
sipation rate are almost the same for all flow modes. The
scalar field is observed to exhibit small-scale intermittency
which is strongly dependent on the flow mode. The inter-
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mittency is most pronounced in the front of the recirculation
zone and becomes weaker on the centerline and downstream.
In a well mixed stage the scalar field has Gaussian statistics.
The scalar gradient vector is aligned with the orientation of
the most compressive strain axis. For the flow under consid-
eration the most contribution to the scalar variance is made
by large scale motions.
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