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Abstract

The jet-in-coflow is a two-stream configuration having engineering applications in combus-
tors and gas turbine engine exhausts. In practical systems, the coflow generates a boundary
layer of the outer wall of the jet pipe and may also have a certain level of turbulence. In the
current work, the evolution of this flow configuration is studied using an air-air turbulent jet
in a low turbulence coflow (turbulence intensity < 6%), and the 2D velocity field is meas-
ured by planar particle image velocimetry. Cases of varying coflow ratio (ratio of coflow
velocity to jet velocity) of O (turbulent free jet), 0.09, 0.15, and 0.33 are generated by keep-
ing a constant velocity jet (Re = 14000) and varying the coflow velocity. The trends of jet
centerline properties such as velocity decay, jet spread, and jet momentum of jet-in-coflow
cases, scaled to represent an equivalent free jet, show deviations from that of the turbulent
free jet. The radial profile of mean velocity shows a region of velocity deficit, compared to
a turbulent free jet, on the coflow side in the jet-in-coflow cases. In contrast, the turbulence
intensity and Reynolds shear stress profiles show an enhanced peak near the interface for
the jet-in-coflow cases. Further, conditional statistics were extracted by detecting the inter-
face between the jet and the surroundings, wherein the same trends are observed. The low
turbulence levels of the coflow have little effect on the jet/coflow interface, as seen by the
conditional enstrophy diffusion and tortuosity compared to a turbulent free jet. The differ-
ences at the jet/coflow interface of a jet-in-coflow with respect to a turbulent free jet are
attributed to the boundary layer initially developed by the turbulent coflow over the pipe
generating the jet, and these are seen throughout the near-to-intermediate field (0<x/D<40).

Keywords Jet-in-coflow - Turbulent interface - Conditional statistics

These authors contributed equally to this work.

P< Rishikesh Sampat
r.p.sampat @tudelft.nl

Ferry Schrijer
f.f.j.schrijer @tudelft.nl

Gangoli Rao Arvind
a.gangolirao @tudelft.nl

Flow Physics and Technology, Faculty of Aerospace Engineering, TU Delft, Kluyverweg 1,
2629HS Delft, The Netherlands

Published online: 11 March 2025 | Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10494-025-00648-5&domain=pdf

Flow, Turbulence and Combustion

1 Introduction

The turbulent-jet-in-turbulent-coflow is a configuration in which a turbulent jet is sur-
rounded by a turbulent coflow. Studying the flow physics can help in understanding the
nature of mixing between the two streams. This finds application in combustion devices,
such as those used to create Flameless/MILD combustion conditions for low NO, emission
production. The Delft Jet in hot coflow (Oldenhof et al. 2011) and Cabra flame (Cabra et al.
2005) are examples where this configuration is used with a coflow ratio ( ratio of coflow
velocity, Ugggow, to jet bulk velocity at nozzle exit, Uj,) of ~0.14 and ~0.04 respectively.
The interaction between the jet and coflow in the near-to-intermediate field determines the
combustion regime downstream due to the resulting gas mixtures formed. Understanding
the influence of the coflow on the evolution of the jet can improve understanding of the
flame stabilization mechanism and provide parametric guidelines for engineers designing
combustion systems working on similar principles.

The development of a free jet may be divided between the near (0<x/D<7), interme-
diate, and far-field (x/D>70). In practical systems, most of the interactive phenomenon
occurs in the near-to-intermediate field (0<x/D<30) where the upstream conditions can
have an influence (Ball et al. 2012). The profiles of various order statistics achieve self-
similarity in the far field. Wygnanski and Fiedler (1969) made hot-wire measurements of
a turbulent jet from the near to far field, providing data on mean velocities, second and
third-order single-point correlations, energy balances, and length scales. The mean veloc-
ity achieved self-similarity at an earlier axial location than other turbulence statistics, and
overall self-similarity of properties occurred at x/D > 70. Panchapakesan and Lumley
(1993) measured the velocity field of a turbulent jet using hot wire anemometry and Hus-
sein et al. (1994) did similar measurements using hot wire anemometry and laser doppler
anemometry (LDA). The data was further used to evaluate transport budgets of Reynolds
stress, mean kinetic energy, and turbulent kinetic energy. These are one of the many pio-
neering datasets on turbulent free jets that led to the characterization of this configuration.
Xu and Antonia (2002) compared a jet produced from a contraction nozzle and that from
a long pipe with a fully developed turbulent pipe flow, both at Reynolds number ~86000,
to study the effects of initial conditions. The contraction jet developed self-similarity faster
than the pipe jet. The pipe jet had a thicker shear layer and higher turbulence intensity. This
was seen to disrupt the streamwise vortex formation and pairing, which is typically associ-
ated with enhancing entrainment.

While a free jet flows into a quiescent surrounding, the presence of a turbulent coflow
may influence the evolution of the turbulent jet through interactions at the interface. Sev-
eral studies have also been performed on turbulent jet-in-coflow. Antonia and Bilger (1973)
showed hot-wire measurements in a jet in coflow for Ucyq,,/Ujee = 0.22, 0.33. Based on the
results, the authors concluded that self-similarity may not exist for this configuration and
that the flow far downstream would still be affected by the initial conditions and not simply
be a function of local conditions. Nickels and Perry (1996) measured the jet in coflow by
hot-wire anemometry for U,,4,,/Uje = 0.045, 0.09, 0.33. The mean flow and stresses were
further analyzed such that a similarity was drawn with a double roller vortex model. It must
be noted here that in both the aforementioned studies, the free stream turbulence was kept
low, 0.1%(Antonia and Bilger 1973) and 0.6%(Nickels and Perry 1996) respectively. Mor-
ton et al. (1956) introduced the theory on entrainment wherein the entrainment is directly
proportional to the excess axial velocity. Gaskin and Wood (2001) presented a modifica-
tion to the entrainment function to account for the jet-in-coflow as a weaker jet due to the
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reduction in excess velocity by allowing an ambient mean axial velocity. Or et al. (2011)
measured the flow field using PIV and LIF to obtain velocity vectors and concentration
fields in the first 15D of the jet to study its development under the influence of a coflow for
0.05 < Ugopion/ Ujey < 0.5. A higher coflow ratio resulted in slow decay of jet velocity and
resulted in the virtual origin shifting upstream of the nozzle in several cases. The potential
core length while affected to a lesser degree, was found to be shortened under a strong
coflow environment. Chu et al. (1999) measured scalar concentration and velocity field in
a turbulent jet-in-coflow using LIF and LDA, respectively. They obtained mean field radial
profiles and instantaneous cross-sections of the jet. Uddin and Pollard (2007) provided data
on the effective jet spreading rate and centreline velocity obtained by Large Eddy Simula-
tion of a jet-in-coflow with a coflow ratio of 0.09. The data showed that the turbulence
intensity distribution at the orifice does not significantly affect the virtual origin or the axial
spread of the jet. The turbulence intensity of the coflow is a critical parameter that might
influence the evolution of the jet in coflow system. Moeini et al. (2021) have performed a
systematic study to understand the effect of low and high turbulence intensity in the coflow
on the jet in the intermediate-to-far-field(45< x/D <95), where the turbulence intensities
were 3.2 and 7% and the coflow ratios, U,.,g,,/Uiq, effectively used were between 0.058 and
0.0344. Conclusions from their results show that coflow turbulence increases jet spreading
and entrainment rates; however, the relative turbulence of the coflow is very low compared
to the jet at these locations(=0(0.01)). Further, the variances in velocity are also seen to
increase. Gaskin et al. (2004) measured the properties of a plane jet (Re = 1200) in the
presence of a shallow coflow in a water tunnel. The background turbulence was varied by
placing a series of submerged walls perpendicular to the direction of the flow. Higher back-
ground turbulence caused an increased rate of velocity decay. In the near field, background
turbulence, at levels large enough to disrupt the jet structure, decreased dilution as the tur-
bulent diffusion transport was less than the jet-induced entrainment. At higher turbulence
levels, jet width growth reached that of jet-induced entrainment; however, the reduction in
excess jet velocity due to jet structure disruption resulted in lower dilution. In the far-field,
the dilution increased with background turbulence.

Researchers have studied the effect of background turbulence with zero mean flow on
a jet. Khorsandi et al. (2013) studied the influence of homogeneous isotropic turbulence
in the background produced by a random jet array on a turbulent jet (Re = 10600, 5800,
5300). Velocity measurements showed that background turbulence reduced the mean axial
velocity and enhanced the decay rate. Further, the radial profiles of velocity are no longer
self-similar. Sahebjam et al. (2022) performed PLIF measurements to observe the disper-
sion of a passive scalar in the same configuration (Re = 10600, 5800). The results showed
a distinct behaviour when the turbulence ratio between the surroundings and the jet was
greater than 0.5. This condition was achieved for the lower Re jet of 5800, wherein the
downstream region, the half-width stopped growing, indicating a lack of entrainment. The
shear layer was found to be preserved before the jet breakup region, as evidenced by the
maintained Gaussian shape of the concentration profiles.

The entrainment of surrounding fluid in a turbulent jet is governed by the activity at
the Turbulent/Non-Turbulent Interface (TNTI). This was postulated by Corrsin and Kistler
(1955) and has been investigated in detail over the years. The TNTI is characterized by a
marked jump in quantities such as mean axial velocity, vorticity and enstrophy from the
rotational surroundings to the turbulent jet (Westerweel et al. 2009)(Chauhan et al. 2014).
Entrainment can occur through either small-scale 'nibbling’ or large-scale ’engulfment’.
Westerweel et al. (2009) showed that although both mechanisms occur and are responsible
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for mixing, ’nibbling’ is more dominant. Mistry et al. (2016), on the other hand, demon-
strate that the net entrainment is scale-independent. The coherent vorticity region com-
prises of Large-scale Vorticity Structures (LVS) produced by the mean shear at the inter-
face and the Intense Vorticity Structures (IVS) produced by the background turbulent
fluctuations(Da Silva and Dos Reis 2011). The TNTI thickness is governed by the LVS
(Da Silva and Taveira 2010) and is of the order of the Taylor microscale (4) in turbulent
jets (Westerweel et al. 2009)(da Silva et al. 2008). The TNTTI is also theorized to be a thin
region consisting of a Viscous Superlayer (VSL) and a Turbulent Sublayer (TSL)(Da Silva
et al. 2014). The VSL is adjacent to the quiescent surroundings and governs the entrain-
ment by viscous diffusion as evidenced by the significantly larger value of the enstro-
phy viscous diffusion transport over the turbulence production (vortex stretching) term,
observed in DNS data (Taveira and da Silva 2014). This layer has been shown to be of a
thickness ~ 51 (Balamurugan et al. 2020). The TSL is adjacent to the turbulent core and is
where the vorticity profile matching between the VSL and turbulent core occurs (Da Silva
et al. 2014).

For a long time, the general consensus was that for rising background turbulence, there
would be a limit beyond which an interface, consisting of a vorticity jump, would no longer
exist(Da Silva et al. 2014). Kankanwadi and Buxton (2020) showed the existence of a Tur-
bulent/Turbulent interface (TTI) through measurement in a turbulent wake with turbulent
background flow. Increasing background turbulence lead to higher convolution of the inter-
face. Unlike the TNTI, the TTI has a very low value of viscous diffusion of enstrophy
compared to the inertial vorticity stretching term, indicating that, in this case, entrainment
is not constrained by diffusion (Kankanwadi and Buxton 2022). Chen and Buxton (2023)
show that large-scale eddy effects affect the entrainment in the near-wake and postulate
that scale matching of background turbulence to wake influences the effectiveness of the
turbulence on manipulating the entrainment.

Several researchers have used interface detection to determine conditional statistics to
study the turbulent/non-turbulent interface of a free jet. This reduces the effect of smearing
of statistics due to the spatial fluctuation of the interface in the ground frame. Westerweel
et al. (2009) used laser induced fluorescence (LIF) to detect the dispersion of a dye to iden-
tify the interface by thresholding the intensity of the LIF signal obtained from this passive
scalar. Conditional velocity statistics were obtained by sampling velocity vectors, obtained
from PIV, with respect to this interface. Sahebjam et al. (2022) and Kohan and Gaskin
(2022) similarly detected the TTI for a jet with a homogeneous turbulent surrounding with
zero velocity. On the other hand, Kankanwadi and Buxton (2020) used a gradient of the
LIF signal intensity and determined the edge of a turbulent wake in turbulent surroundings
by identifying a contour of a given threshold value. They studied the interaction of a turbu-
lent wake behind a cylinder with a turbulent background flow and proved the existence of
the turbulent-turbulent interface (TTI). The interface can also be detected based on velocity
derived criteria. Taveira and da Silva (2013) and Bisset et al. (2002) detected the interface
in DNS simulations using vorticity norm as a parameter to differentiate between the irro-
tational, quiescent, surroundings and the rotational turbulent jet. Khashehchi et al. (2013)
performed 2D2C PIV in the developing region of a free jet. They use velocity as a criteria
to detect the interface such that the local velocity should be 3% of the jet exit velocity. The
reasoning is that only two components of velocity are measured, hence it is better to use
that as a criterion rather than a vorticity vector which would require all three components.
Balamurugan et al. (2020) performed high resolution 2D2C PIV measurements of a tur-
bulent mixing layer and used vorticity as a criteria to determine the TNTI. Watanabe et al.
(2018) compared different criteria for the detection of turbulent fluids from intermittent
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flows, in a turbulent boundary layer. Although they use three components of the vorticity
vector for detection from their DNS, they acknowledge that in the case of experiments,
often, obtaining all components is difficult. Thus, they compare the 3 component vorticity
magnitude, the out-of-plane vorticity magnitude, local turbulent kinetic energy, and a pas-
sive scalar as detector functions. They find that with the turbulent kinetic energy function,
the isosurface of the edge is very different from the others. Further, the conditional vorti-
city across the interface does not have as strong of a jump in the profile.

In a jet-in-coflow, the coflow can have two effects: the first is due to the boundary layer
it forms upstream over the exterior of the jet pipe, which interacts with the shear layer
downstream of the nozzle exit; the second is the turbulent fluctuations in the coflow which
convert the TNTI to a TTI. The aforementioned body of literature had a gap in studies with
comprehensive 2D velocity measurements ranging from the near field to the intermediate
field of the turbulent jet in turbulent coflow and a direct comparison to a free jet. It is espe-
cially interesting to see if this configuration, when scaled appropriately as an effective free
jet, yields statistical profiles similar to those of a turbulent free jet. There is also a lack of
data and analysis of velocity-based quantities conditioned to the interface between a turbu-
lent jet and turbulent coflow, leaving much to be known on the effects of a turbulent coflow
on the evolution of a turbulent jet.

The current study looks at the phenomenological effects of a turbulent coflow on a tur-
bulent jet by varying the coflow conditions from zero velocity (free jet) to higher coflow
ratios. The flow field was measured using planar PIV ranging from the near-to-intermedi-
ate field (0 < x/D < 42) in a non-reacting air-air jet-in-coflow. The quantities are scaled
taking into account the coflow to express the jet-in-coflow as an equivalent free jet and
then analyzed for any differences. These differences should originate from the presence
of turbulence in the coflow and the boundary layer formed by the coflow over the jet pipe.
These observations are verified and explained by analyzing conditional statistics evaluated
along the interface between the jet and the surroundings. To the authors’ best knowledge,
this is the first study that extracts conditional velocity statistics for a turbulent jet-in-coflow
entirely from PIV data. This knowledge allows us to better understand the evolution of
the flow field along the axis of a turbulent-jet-in-turbulent-coflow thereby enabling a more
accurate prediction of this configuration for engineering design.

2 Experiment
2.1 Experimental Setup

An experiment was set up to measure velocities in a turbulent-jet-in-turbulent-coflow
by 2D2C particle imaging velocimetry (PIV), as shown in Fig 1. The jet was generated
by passing compressed air through a pipe about 3 m long with an inner diameter (D) of
11 mm and a wall thickness of 0.5 mm. This ensured that the jet had a fully developed
pipe flow at the nozzle exit. The flow rate was controlled by a Bronkhorst EL-FLOW
massflow controller with a range of 10-500 Inpm and accuracy of + 0.5% of reading
plus +0.1% of full scale. The coflow was produced by an open circuit low-speed wind
tunnel. The jet pipe was coaxially positioned along the axis of the wind tunnel and was
supported by a structure in the settling chamber and a strut closer to the exit. A wire
mesh grid made of 0.5 mm diameter wires, forming square slots of 12x12 mm, was
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Fig. 1 Schematic of experiment

Wind Tunnel
Mesh grid

sCMOS
Air Jet camera

Laser

Laser Sheet

used at the tunnel exit. It served the purpose of breaking up any flow structures emanat-
ing due to the upstream support structures as well as introducing homogeneous turbu-
lence in the coflow.

Both streams of air were seeded with particles of 1 ym diameter for PIV measure-
ments. The coflow was seeded with a SAFEX fog generator placed near the suction
side of the fan of the wind tunnel. The jet was seeded by bypassing a portion of the air
through a PIVTEC aerosol generator containing DEHS oil and a manual ball valve was
placed in the non-seeded branch to provide resistance to the flow to control the amount
of air passing through the seeder. The PIV setup consisted of an Evergreen 200mJ laser
at 532 nm and a LaVision sSCMOS camera with 6.5 ym pixel size, with an acquisition
frequency of 10Hz. The laser sheet was created such that a maximum of 1 mm thick-
ness was maintained in the region of interest. The camera and laser sheet locations were
shifted to image different axial sections of the jet. Measurements were done for axial
locations varying from 0D to 35D, where D is the inner diameter of the nozzle, while
each frame spans about 5D. The laser sheet and pipe nozzle were carefully aligned with
the central axis of the wind tunnel by using a construction laser marker.

The experiments were conducted for 4 cases, one free jet (i.e., no coflow so the wind
tunnel was idle) and coflow velocities of 1.9, 3.2, and 6.3 m/s, adjusted by the wind tun-
nel set point. During the measurements, it was ensured that the jet, coflow, and quies-
cent surroundings were uniformly seeded.

PIV processing was done in DaVis 8.4. Interrogation windows of 24x24 pixel with
75% overlap in the final pass were used for the PIV correlation. This results in a vector
spacing, Ax, of 0.16 mm, which was maintained for x/D<26 and Ax=0.35 mm for 26<x/
D<40. The ratio of PIV window size to local jet halfwidth at different axial locations
along the jet is always less than 0.15, indicating that the window is small compared to
the characteristic length of the flow, thereby ensuring a sufficient number of vectors for
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analysis. The aforementioned PIV settings are tabulated in Table 1. The Kolmogorov

length scale (#) is approximated as = (5)0'25, where v is the kinematic viscosity of the

5 U=V

fluid and e is the dissipation rate. The value of e is calculated from, e = 0.01

where U, is the local jet centerline velocity, b, is the local jet half-width and U, is
the coflow velocity. This is a modified form of the correlation suggested by Panchapake-
san and Lumley (1993) for a freejet. In general, the vector spacing (Ax) achieved is such
that Ax < 10x and beyond x/D>15, Ax < 65. The detailed conditional statistics are ana-

lyzed in the region 20<x/D<25 where Ax< 37.

2.2 Flow Conditions

We investigated different coflow velocity conditions while keeping a constant jet exit bulk
velocity, Uj=20 m/s, by maintaining a constant mass flow rate of air using the flow con-
troller. This ensured that the jet Reynolds number based on bulk velocity and nozzle diame-
ter remained constant (Re = 14000), between different cases. The cases were characterized
using the concept of momentum radius (6,,q,.). Which may be defined as the equivalent
radius required of a stream flowing at the velocity of the coflow to have the same momen-

tum as the jet. Thus, for lower coflow velocity, a larger radius is required. It is defined as:

Ocofiow = J—g’
TPU ofiony (1)
Jo= %sz()[];,t’
where Uyqqy, 18 the coflow velocity, U is the bulk jet exit velocity, D is the nozzle diam-

eter, and J, is the source momentum flux. This definition has been used in the literature on
free jets. Dahm and Dibble (1988) define a ratio x/6_g,,,, Where x is the distance along the
jet axis, such that for values of x/0,.,., < 2 the flow can be considered to be negligibly
affected by the coflow and hence be treated as a free turbulent jet. Thus, a higher coflow
ratio results in an earlier transition to an effective jet-in-coflow along the jet axis, listed as
x/D,,, in Table 2. It should be noted that this threshold is an approximation as is seen in
the case of Ganapathisubramani et al. (2007) where at x/D=32 a value of x/6, = 3 was
still considered a free jet.

The coflow forms a boundary layer over the exterior of the central jet pipe. This is char-
acterised by extracting the axial velocity profile at the first station closest to the nozzle exit
from the PIV data. As this is not measured over the wall of the pipe but downstream where
the wall just ends, the velocity measured does not achieve an absolute zero value. However,
for the sake of characterization, all the coflow conditions are measured in the same way,
hence a good comparison can be obtained. The boundary layer properties(displacement
thickness(6*), momentum thickness(#) and shape factor(H)), tabulated in Table 2, are cal-
culated by fitting a cubic spline to the measured points and extrapolating it to the point
where zero velocity is achieved, as shown in Fig 2. The Reynolds number based on
momentum-thickness (Re,), tabulated in Table 2, increases with increasing coflow ratio.

The turbulence level of the coflow is also expected to influence the evolution of the flow
field. Turbulence in the coflow was enhanced by a grid composed of cylindrical elements.
For the given set of coflow conditions, the Re,;, where d is the diameter of the rod of the
mesh grid on the coflow outlet, ranges from 63 to 210, as listed in Table 2. As mentioned
by Roshko (1954), vortex shedding for a cylinder is stable and laminar for 40 < Re < 150

coflow
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Fig.2 Boundary Layer profile

around pipe extracted from PIV 6 Ucofiow/Ujet
measurements e 0.09
e« 0.16

> . 033

T T T T T

0 10 20 30 40
r (mm)

and transitions to turbulent between 150 < Re < 300. Thus, in the current study, there
is vortex shedding under both stable and transitioning regimes depending on the case.
According to the design recommendation of Vita et al. (2018), after a distance x/M > 10,
where M is the spacing between adjacent grid elements, well-developed turbulence behind
a grid is obtained where the statistics are driven by dissipation and the turbulence intensity
decays as a power law. However, a distance of the order of x/M=50-100 is required to
achieve acceptable homogeneity and isotropy(Kurian and Fransson 2009). Thus, a trade-off
is made to achieve a significant level of turbulence intensity in the region of interest and
the distance of the pipe exit from the grid plane, L, is set such that L > 120 mm (shown in
Fig 1).

The turbulence intensities of the coflow in the current study are shown in Fig 3, and
the total magnitude is between 3-4%, with a slight decrease with coflow ratio. How-
ever, when the velocity fluctuations are scaled by the jet excess velocity (U.-U g go)» a8
shown in Fig 4, there is a clear increase in turbulence intensity with coflow ratio. This
indicates that the jet perceives the coflow fluctuations as effectively increasing with
coflow velocity.

2.3 Interface detection

The interface is defined as a thin region separating the high turbulence region (jet interior)
from the low turbulence region (surrounding coflow). For a turbulent free jet, this has been
shown through DNS studies to be well represented by a surface of thresholded vorticity
or a passive scalar (Bisset et al. 2002)(Da Silva and Taveira 2010)(Watanabe et al. 2015).
In most experimental studies, interface detection is done by introducing a dye (as a sca-
lar) in one of the streams and the interface is said to be located at a certain defined dye
concentration limit as detected by PLIF (Westerweel et al. 2009)(Kankanwadi and Buxton
2020)(Mistry et al. 2016)(Chauhan et al. 2014). In this work, interface detection is done
purely through the vector field due to the high resolution as also done by Balamurugan
et al. (2020). The criterion used for detection is vorticity magnitude (|€2]) based on the
assumption that it is higher within the turbulent jet than in the turbulent coflow and quies-
cent surroundings. The quantity is calculated for an instantaneous vector field, where the
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Fig.3 Velocity RMS vs Coflow
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gradients are evaluated after processing with a 2D Savitsky-Golay filter with a window size
of 5x5 and a 2" order polynomial of the form:

7= ay+ ax + ayy + azxy + a,x + asy’ 2)

, where x and y are the distances with respect to the center point of the window. Thus,
the filtered value of ’z’ is a; at x=y=0, and the derivatives with respect to x and y are the
coefficients a; and a,, respectively. This filter provides the advantage of noise reduction
while retaining the relevant flow features. A detailed analysis of the sensitivity to window
size is derived by Elsinga et al. (2010), where it is shown that spatial frequency response
of the PIV cross-correlation and Savitsky-Golay regression are similar and, therefore, the
noise reduction does not lead to spatial resolution loss. Finally, the value is normalized as
QF = |Qly, 72(%) /(U (x)), where y, 2(x) is the jet half-width and U, (x) is the axial velocity
at the centerline at a given x distance from the nozzle. This is done locally, by taking the
normalization values from the unconditioned average for each axial location.
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Table 1 PIV experiment

. Field of view 100 mm
conditions

Laser sheet thickness 1 mm

dt lus

Pixel size 6.5 um

Interrogation window size in final pass 24x24 pixel

Window overlap in final pass 75%

Vector spacing (mm) 0.16 (x/D<26),
0.35 (26<x/
D<40)

A threshold value for the normalized vorticity (€7, ) is used to distinguish the
region within the jet from the surroundings which is determined using a method similar
to Balamurugan et al. (2020), which in turn is based on threshold determination meth-
ods proposed by Mistry et al. (2016) and Prasad and Sreenivasan (1989). As the sur-
roundings have a low/moderate level of turbulence, the higher level of vorticity within
the jet should be distinguishable. This is done by plotting the area in the image (A,
in pixels) above a certain threshold, which is effectively the area within the turbulent
jet, against varying threshold values (€7 ). This results in a monotonically decreas-
ing curve, shown in Fig 6a that finally reaches a constant value. The derivative of this
curve is taken, where there is an initial rising part, and it ends with a nearly zero value.
Two lines are fit to these regions (Fig 6a), and their intersection location is used as the
threshold value. Applying this thresholding process results in several disjointed regions,
as can be seen by the vorticity contours in Fig 6b; however, to obtain a continuous inter-
face, the most intense vorticity regions need to be clustered together.

The density based spatial clustering for applications with noise (DBSCAN) (Schu-
bert et al. 2017) algorithm is applied to the thresholded data to determine clusters. It
is an image-processing algorithm that clusters closely spaced points and marks outliers
that lie separated in low-density regions as noise. The algorithm takes two input param-
eters, epsilon, which is the distance of search from a point for neighbors, and Minpts,
which is the minimum number of points that should lie within a radius of epsilon from
a point to classify it as a core point. The value of epsilon and Minpts were fixed to 3
and 20, respectively. The values were selected based on a manual sensitivity analysis.
The values imply that within a radial distance of epsilon=3 pixels at least Minpts=20
pixels should be found in the thresholded image for the point to be considered to be part
of a cluster. This means that in a 7x7 pixel square (area=49 pixels), 20 pixels should be
found, i.e ~41% filled. This was found to provide a good balance between identifying
filled points and leaving enough distance to exclude islands/ noise points. Small varia-
tions of these values did not impact the edge detection significantly. This results in the
detection of the most intense vorticity structures. The clustering algorithm is applied in
the following steps:

1. DBSCAN algorithm is applied on the thresholded image such that only pixels above a
threshold are considered for the clustering process.

2. The largest cluster is chosen

3. Image is binarized by setting the value of the pixels of the largest cluster to 10 and the
remaining pixels to —10.
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— VU

coflow

Fig.5 Representative sketch of the flow configuration. X;, Y; is the transformed coordinate system in the
frame of the local interface

Table 2 Coflow conditions of operation

U cofton(m/S) Uj(ms) U.ofion Ujer X/ D,y s Re, 5*(mm) 6(mm) Re, H

0 20 0 o0 0 - - - -

1.9 20 0.09 10 63 2.55 1.78 235 1.43
32 20 0.16 5.5 107 4.48 32 693 1.40
6.3 20 0.33 3 210 2.93 1.82 769 1.61

4. The binarized image is inverted such that the largest cluster pixels now have a value of
-10

The first clustering step is applied to the image thresholded by the value of
|Q|y1/2(x)/(Uc(x)) obtained from the area method, resulting in an image such as Fig 6c¢.
The clustering algorithm is applied a second time on the resulting image thresholded
by zero, such that only pixels with positive values are considered. This results in an
image such as Fig 6d. Finally, the interface is identified as the edge of the region with
a positive value, using contour detection in OpenCV (Bradski 2000), which is over-
layed on the vorticity field in Fig 6b and on the axial velocity contour in Fig 6e.
Statistics are collected in a relative coordinate frame oriented perpendicular to the
local edge. The slope of the edge is obtained by fitting a 3’ order polynomial in a
region of 5 edge points around the point of interest. The velocity in the conditional
frame is obtained by projecting the ground frame velocity vector in the rotated coordi-
nate system. Thus, the "axial component" in the rotated frame is parallel to the inter-
face and the "radial component" is perpendicular to the interface as shown in Fig 5.
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Fig.6 Interface detection methodology demonstrated on an instantaneous image of Uq0,/U;=0.33 a Area
method demonstrated by the area detected within the turbulent jet, A;, (red points), for varying threshold

*

values (€23 ) and the corresponding derivative curve (blue points). b Instantaneous interface overlayed
on vorticity contour. ¢ First DBSCAN clustering. d Second DBSCAN clustering. e Instantaneous interface
overlayed on axial velocity contour along with velocity vectors

3 Results
3.1 Mean field

The jet was imaged at different axial locations in the near and intermediate field (up to
x/D = 42). We first explore the overall evolution by tabulating the average axial veloc-
ity field in Fig 7. The images are presented as U/U;, where Uj is the velocity at the cen-
terline at the jet exit, which is kept constant across all cases of varying coflow. Thus,
it can be seen that cases with a higher coflow ratio have a higher coflow velocity. At
first glance, it seems that the free jet decays faster in the streamwise direction and has a
larger width compared to cases with higher coflow.

The turbulence intensity distribution is shown in Fig 8. The qualitative evolution
is as expected, where high turbulent fluctuations originate in the shear layers starting
close to the nozzle exit and the region of turbulent fluctuations expands radially as the
jet evolves further downstream. The turbulence intensity is higher further downstream
in all cases, due to mean axial velocity decay at a rate that is faster than turbulence
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Fig. 7 Axial velocity distribution over the measured domain, compared across cases of varying coflow ratio

fluctuation dissipation along the axis. Also, it can be seen that an increase in the coflow
ratio results in a higher turbulence intensity, especially for 19.6 < x/D < 40.

The jet centerline axial mean velocity is shown in Fig 9a. In the self-similar region, the
axial velocity decays as
i = 1(1 @) 3
Ux) bD D 3

where U, (x) is the jet centerline velocity at axial location x, b is the decay constant and x, is
the virtual origin. Typically, this linear fit is done for x/D > 15. The velocity decays along
the axis, as is expected for a round turbulent jet, where the value of b = 5.30 (Table 3),
which is comparable to 5.6 from Xu and Antonia (2002). One can notice that the decay line
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deviates from a linear fit as the coflow ratio increases. To correct this and represent the

. . . . Ui~Uofion
case as a free jet relative to the coflow, appropriate scaling of Wﬂ(xzx)
T Yeoflow

Uofiow(x) is the coflow axial velocity at that axial location. This results in scaled decay con-
stant and virtual origin represented as b* and x7), respectively. The scaled jet decay profiles
are re-linearized as seen in Fig 9b; however, the slopes are still different, as listed in
Table 3. The maximum value of the decay constant, b, is 21.21 and after scaling b* is 6.59
for the highest coflow case. The virtual origin location, x,/D is negative for non-zero
coflow, indicating a location behind the nozzle exit, and after scaling, x;“) /D= 3.16 for the
free jet and reduces to 2.06 for the case with the highest coflow. In comparison, Xu and
Antonia (2002) obtained a value of 3.7 for a free jet. It must be noted that cases with a
higher coflow ratio have higher turbulence when scaled with the relative velocity of the jet

is applied, where
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Fig.9 Jet centerline velocity decay expressed as (a) Uj/U . (b) (U-U )/(U.-U
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to the coflow, which seems to influence the velocity decay rate. Further, the establishment
of linearity with scaling shows its importance to correctly represent the jet in coflow as a
’slower moving jet’ in the frame of reference of the coflow and comparing it to a free jet.
The evolution of the half-width, y, ,, is shown in Fig 10, where the half-width for a

free jet is defined as the distance from the centerline to the radial location where the axial
velocity is half that of the local centerline axial velocity. The mean spread rate (A) of y, /,
beyond x/D>15 is given by

Y12 X

& =AL-B 4)
For a turbulent-jet-in-turbulent-coflow, the point is redefined to be along the radial direc-
tion where the axial velocity is the average of the maximum and coflow velocity at that
axial station. The halfwidth remains approximately constant, with a slight decay, in the first
5D but then increases further downstream. The halfwidth of the free jet has a higher mean
spread rate than the cases with a higher coflow ratio, which is also tabulated in Table 3.
The decay constant, A, is 0.089 for the free jet and drops to 0.037 for the case with the

Fig. 10 Jet half width (y, ) v/s 3.51 0 0. -
x/D coflow! Ujet t"’*
e O o
3.07 . o009 gu.,ﬂ,
e« 0.16 %
2.5 s 0.33 3 ,,!(‘{ﬂ
= adl
5 v
=207 . s ;&'ﬁ’”
= g

T
1.0 M -
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Table 3 Jet halfwidth and U
cofiow i D */D A B
spreading characteristics UZ, b b %o/ %o/
0 5.30 5.30 3.16 3.16 0.089 0.307
0.09 8.88 5.70 -3.50 2.92 0.066 0.127
0.16 11.81 5.92 -8.12 2.87 0.054 0.017
0.33 21.21 6.59 -21.62 2.06 0.037 -0.092

highest coflow. In comparison, Xu and Antonia (2002) obtained a value of 0.086 for a free
jet.

Fig 11 shows jet momentum flux (J, =27 /02y1/z u?rdr) variation along the axis. It is
calculated by integrating momentum flux from the jet centerline to a radial distance twice
that of the jet halfwidth. In 0<x/D<S5, all 4 cases of coflow ratio have almost the same
momentum, which should also be the case as the same mass flow rate of the jet was main-
tained. As we go further downstream, the free jet maintains this level of momentum, while
for increasing coflow values, the momentum increases in the downstream direction. This
is caused by the additional momentum present in the coflow which is entrained by the jet.

3.2 Radial Profiles

Radial profiles are presented at various axial distances from the jet nozzle. The radial dis-
tance is represented as a ratio of distance (r) to the local jet half width (y, /2). The data is
U)=U e 0)
Ue0)=Usgis )
"slower moving" turbulent jet in a zero mean velocity, turbulent environment. This results
in a value of 1 at the jet centerline and O in the coflow for all cases. A similar normalization
has been used by Zhang and Chin (2020) where they analyzed cases for Uygoy /Uje= 0,
0.0833, 0.166, and 0.333. Other works such as that by Nickels and Perry (1996) and Anto-
nia and Bilger (1973) also scale their data similarly. Ideally, the scaled profiles from

normalized as relative to the coflow such that a jet-in-coflow would represent a
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different cases would overlap; however, the presence of a boundary layer generated by the
coflow over the jet pipe and the turbulence of the coflow can lead to some differences.

The mean axial velocity profiles are shown in Fig 12 at x/D = 5, 10, 22 and 30, for 4 dif-
ferent conditions of coflow velocity ratio, U o/ Ujee = 0, 0.09, 0.16 and 0.33. The profiles
show a significant overlap between the different cases; however, a difference is seen at the
interface between the jet and coflow (r/y, ;, = 2), in the form of a separation of profiles for
the different coflow ratios. For cases with higher coflow ratios, the profile decreases faster
in the radial direction leading to region of "velocity deficit" compared to the free jet.

The normalized axial turbulence fluctuation profiles are plotted in Fig 13 at x/D= 5, 10,
22, 30. The profiles have an "M’ shape with turbulence intensity peaks around r/y; ,=+
0.5. There is an intersection between the profiles of the free jet and coflowing jets located
between 17y, , ~1.8 and r/y; ,, ~2.5, which also corresponds to the inflection point of the
profiles. At x/D=5 cases with lower coflow have a higher relative turbulence intensity (A =
0.025) at the centerline but this difference reduces further downstream to nearly zero. In
the radial vicinity of the inflection point (r/y, 2 ~1.8), the coflowing jets have a higher
value towards the centerline whereas in 2.25< r/y, 2 <3, the free jet has a higher turbu-
lence intensity. At x/D=22 and 30, the trend is similar but the higher turbulence intensity
of free jet is up to r/y,,=2.5 beyond which it starts dropping under the highest coflow
ratio cases. This shows that there is a higher turbulence region for the free jet compared to

1
Ucoflowlujei ucoﬂowlujet
__ 08 —e=0 | . 08F —-==0
3 0.09 3 ) g.?g
Q 1<} ===0
SLosr SN e 806 ) 2 N :
'o 'o
) )
= 04 < 04f
H z
o o
2 2
8 0.2 8 0.2f
2 2 ¥
2 2
0 or
0.2 0.2
2 1 0 1 2 3 2 -1 0 1 2 3
™40 ™1
(a) (b)
1 1
Ucoflowlujel Ucoﬂowlujet
__ 08 ) —=0 | . 08F —--=0
: . o
% d ---016 || 5 ---0.
S o6 s\ | ) Sosr 4 N |
o @ o
2 X 2
= 04 o = 047
H s H
£ / 2
8 o2 8 02] 4
) = #
2 2
0 of
0.2 0.2
2 1 0 1 2 3 2 -1 0 1 2 3
™41 ™12

(c) (d)

Fig. 12 Axial velocity profile at (a) x/D=5, (b) x/D=10, (c) x/D=22, (d) x/D =30
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Fig. 13 Axial turbulence intensity profile at a x/D=5, b x/D=10, ¢ x/D=22, d x/D=30

a turbulent-jet-in-turbulent-coflow, which is located between the inflection point and the
far surroundings. This indicates a higher propagation of turbulence from the turbulent jet
to the surroundings in the case of a free jet than that of a jet-in-coflow. This is supported
by higher entrainment rates for a free jet seen through faster centerline velocity decay and
larger half-width seen in Sect. 3.1. Also, there is a higher turbulence intensity peak as the
coflow ratio increases.

The normalized Reynolds shear stress (RSS) profiles, shown in Fig 14, indicate momen-
tum transport due to turbulence. It achieves a peak in a region, 0.7< r/y, ;, <1.0, between
the turbulent jet and the turbulent coflow, and has a value of zero in the surrounding far
field. The peak shifts radially outward for higher coflow ratios.

The one-point statistics reveal that the higher coflow cases exhibit a deficit in the mean
axial velocity profile near the interface region with respect to the free jet. Furthermore, the
turbulence intensity and Reynolds Shear Stress reach higher peak values compared to a free
jet at x/D=22 and 30. The velocity deficit identified in the axial velocity profiles is caused
by the boundary layer over the external wall of the pipe that produces the central jet. The
wake originating from this boundary layer shields the jet from the coflow, thereby reduc-
ing the amount of turbulent interaction and retaining a large velocity gradient at the inter-
face as far as x/D=30. This shielding also dampens the turbulence exchange due to which
the jet and coflow sides retain their respective turbulence intensity levels. As the coflow
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Fig. 14 Reynolds shear stress profile at a x/D=5, b x/D=10, ¢ x/D=22, d x/D=30

has a low turbulence intensity, this is not sufficient to disrupt the interface and enhance
entrainment as was observed in higher background turbulence cases (Sahebjam et al. 2022)
(Gaskin et al. 2004). This leads to a larger radial gradient in the turbulence intensity profile
for higher coflow velocity.

3.3 Conditional Statistics Along the Interface

Mean field statistics, when observed from the ground frame of reference, may lead to the
smearing of gradients. Conditional statistics are assembled by sampling data at fixed loca-
tions with respect to the local interface. Therefore, they provide more accurate informa-
tion about phenomena near the interface. The interface is detected using the methodol-
ogy explained in Sect. 2.3. Conditional statistics are assembled by sampling points along
a line perpendicular to the local interface. The slope of the tangent is determined by fit-
ting a 3" order polynomial in a region of 5 points along the detected interface around the
point of interest. The points along the perpendicular are equispaced and the velocity data
at these points are obtained by bilinear interpolation of the underlying original PIV data.
Finally, the vectors are projected onto the rotated local frame of reference of the interface
such that the conditional axial velocity is tangent to the interface and conditional radial
velocity is perpendicular to the interface. The conditional data is presented in Fig 15 where
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Fig. 15 Conditional radial profiles at x/D=22 (a, b, ¢, e, f). Tortuosity variation along the jet axis (d)

the turbulent jet interior is at the negative x-axis location and the coflow/surroundings are
located at the positive x-axis locations. To improve statistical conversion, samples are col-
lected over a window, 20 vectors wide, along the frame centered at the point of interest on

the interface.

The conditional axial velocity, shown in Fig 15a, shows that the cases with coflow
have a visible velocity deficit close to the interface compared to the free jet. However, the
profiles of the three cases with coflow collapse over each other and deviate towards the
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centerline. The deficit region clearly shows the influence of the boundary layer, originally
generated over the external surface of the jet pipe by the coflow, in the vicinity of the inter-
face, creating a larger velocity jump across the interface than a free turbulent jet (U,
U;=0).

Enstrophy is an indicator of small-scale turbulence activity, and there is a strong jump
of enstrophy across the interface of a free jet (Westerweel et al. 2009). The conditional
enstrophy profile in Fig. 15b captures this jump across the interface, validating the inter-
face detection based on vorticity. While the profiles collapse over each other in the coflow
region, the cases of higher coflow show a higher enstrophy within the jet. This shows a
higher level of small-scale turbulence. Evidence of large-scale turbulent activity is seen in
Fig. 15c, through a higher peak for a higher coflow ratio, around the interface. This also
corresponds well with higher peaks seen in the mean RSS radial profiles in Sect. 3.2.

The turbulent interface is highly convoluted. This would cause a spatial variation of the
collection point for the conditional statistics. Thus, quantifying the degree of convolution
would give an objective parameter to help appreciate the significance of conditional statis-
tics and also differentiate between an interface formed in a free jet and that of a turbulent-
jet-in-turbulent-coflow. Tortuosity is a parameter used to quantify the level of contortion
of a surface. In this work, the tortuosity of the interface is defined as the ratio of the length
of the curve to the shortest distance between the two extreme ends, similar to that by Kan-
kanwadi and Buxton (2020). The tortuosity, as shown in Fig. 15d, of the interface along
the axial stations increases in the downstream direction. It is also lower in magnitude for
higher coflow velocity.

The viscous super layer (VSL) is known to be a feature of the TNTI where viscous
diffusion dominates over the production of enstrophy(Corrsin and Kistler 1955)(Da Silva
et al. 2014). The enstrophy transport equation is expressed as

coflow

D 1 0% 1 0w; dw;
—(zww,) = 0,0,5; +vV——I(s0;0;,) —V——
Dt2 7Y oxox; 2 ox; 0x; )
Production " "———
Diffusion Dissipation

As 2D data is available in the current experiment, only the out-of-plane component of vor-
ticity (@,(x,y)) can be evaluated. Therefore, the 2D surrogates of dissipation(D=—v— —)

and diffusion(Df=v[%(%wzwz) + ;sz(%a)zwz)]) can be obtained and the production term
cannot be evaluated. The diffusion term in Fig. 15f shows a positive peak, where the VSL
is located at the interface and has a peak-width of =10#. Given that the vector spacing is &
3n in this region and the VSL for a TNTI is shown to be ~5# in previous works(Da Silva
et al. 2014)(Balamurugan et al. 2020), the structure of the VSL may not be fully resolved,
however, the extents should be fairly captured. The dissipation term in Fig. 15e indicates
higher diffusion towards the jet centerline and reduced magnitude of dissipation for cases
with coflow. Further interpretation of these terms and their impact are discussed in Sect. 4.
Kankanwadi and Buxton (2022) found that for a TTI with high outer turbulence (greater
than levels achieved in this study), the vorticity stretching term, i.e. the production term in
Eqn 5, takes precedence. Also, as vorticity stretching need not be constrained to be zero as
is in a TNTI, it facilitates a mechanism of enstrophy production throughout the entire thick-
ness of the TTI. However, the viscous diffusion and dissipation terms still exist with a simi-
lar magnitude for both low and high outer turbulence. This is postulated to be a remnant of
the VSL, but the magnitude is lower than the vortex stretching term for most of the VSL.
This questions the physical significance of scaling the TTI thickness by the Kolmogorov
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scale. In our results, the magnitude of vortex stretching cannot be checked as the results are
from planar PIV, so in plane vorticity components cannot be obtained.

4 Discussion

The coflow can influence the evolution of the turbulent jet through the boundary layer it
generates over the jet pipe and the turbulence in coflow. Increasing Uygq,/Uje leads to
larger values of b*, thereby showing slower jet centerline velocity decay. Also, the half-
width is seen to be smaller at the same axial location. This indicates that entrainment from
the surroundings is reduced, and this is also supported by the conditional radial velocity
profile, which shows a significantly lower magnitude at the interface than the free jet con-
dition. Upon correct scaling, if the equivalent free jet have a Reynolds number such that
they have achieved the mixing transition (Dimotakis 2000), the centerline decay profiles in
Fig. 9b should collapse on each other for all coflow ratio cases. As this is not the case, this
is directly attributed to the "shielding" effect of the boundary layer developed by the coflow
around the jet, which reduces turbulent exchange between the two streams. It must be noted
that the entrainment and profiles mentioned above are for the scaled jet, i.e., in a normal-
ized form that makes them comparable. According to the entertainment theory (Morton
et al. 1956), the entrainment rate is proportional to the centerline velocity. However, this
would be an absolute entrainment that varies even between two free turbulent jets of the
same Reynolds numbers but with different diameters and, hence, jet centerline velocities.

In the conditional enstrophy transport equation, the diffusion term (D) peak width at
the interface, which indicates the VSL structure, remains unchanged for varying coflow
ratios, which shows that the low turbulence intensity level of the coflow does not influence
the interface structure. However, the boundary layer generated by the coflow over the jet
pipe, creates a shielding effect, indicated by a local velocity deficit. This correlates with
lower magnitude of enstrophy dissipation (D) in the jet core, leading to higher enstrophy
and RSS peaks on the jet side of the interface for U,ygu/Uje, > 0. This "shielding effect" is
the reason why the scaled trends of the jet-centerline decay and half-width do not collapse
on the curves of the free turbulent jet and, in fact, indicate lower relative entrainment.

Higher turbulence intensity in the background has been observed to increase the tortu-
osity/contortion of the interface (Kankanwadi and Buxton 2020)(Sahebjam et al. 2022);
however, in this study, as the turbulence intensities are too low (<6%), they are unable to
influence the interface shape. Thus, the "shielding effect”" prevents intense contortion of the
interface, leading to lower tortuosity in the jet-in-coflow than in a free jet.

5 Conclusion

This work aims to study the evolution of a jet-in-coflow in the near-to-intermediate field
(NIF) in the presence of low turbulence intensity (<6%) in the coflow. In a practical sys-
tem such as that of a jet-in-hot-coflow combustion system, the coflow generates a bound-
ary layer over the outer wall of the jet pipe and this may have a significant effect on the
evolution of the flow field in the NIF, having an impact on the mixing and other reacting
phenomenon. The flow field of a turbulent jet in turbulent coflow was measured by 2D2C
PIV in the region 0<x/D<40 for coflow ratios of 0, 0.09, 0.16, and 0.33. The first point of
interest is to see whether a jet-in-coflow may be represented as an effectively slow-moving

@ Springer



Flow, Turbulence and Combustion

free jet by applying the appropriate scaling. An overview of the flowfield is presented in
terms of the mean axial velocity and turbulence intensity distribution, along with centerline
profiles for mean velocity, jet half-width, and jet momentum. The centerline profiles of the
scaled jet-in-coflow cases differ from those of a free jet. Increasing the coflow ratio leads to
a lower centerline mean velocity decay rate, reduced jet spreading, and a virtual origin shift
upstream toward the nozzle compared to a free jet. Further, the turbulent coflow contrib-
utes an addition of axial momentum to the turbulent jet along the axis.

To investigate the cause for these deviations, radial profiles of one-point velocity sta-
tistics are plotted at x/D=5, 10, 22, and 30. For cases of higher coflow ratio, there is a
clear axial velocity deficit in the interface region. The mean profiles of turbulence intensity
and RSS show a higher peak near one halfwidth distance from the jet center. The velocity
deficit is attributed to the coflow initial conditions where a boundary layer is formed on
the external wall of the pipe producing the jet. To get a better understanding of the inter-
action between the jet and the turbulent coflow at the interface, conditional statistics are
assembled with respect to the instantaneous interface detected in the PIV image frames.
The velocity deficit at the interface for the jet-in-coflow is also seen in the conditional axial
velocity profiles. This is postulated to originate from the boundary layer generated over
the outer wall of the jet pipe. The turbulence of the coflow has little effect on the structure
of the interface as is seen from the enstrophy diffusion peak profile, which has a similar
structure for the various jet-in-coflow cases and the free jet case. On the other hand, the
enstrophy dissipation has a lower magnitude for the jet-in-coflow cases, correlating well
with the higher peak levels of RSS and enstrophy on the jet side of the interface, compared
to the free jet case. Thus, the higher peaks of turbulence, also seen in the mean radial pro-
files, is attributed to reduced dissipation in the jet-in-coflow due to the "shielding effect" of
the wake of the boundary layer initially formed around the jet pipe. Further, the tortuosity
of the interface is found to be lower for the jet-in-coflow compared to the free jet, which
shows that the low turbulence intensity of the coflow cannot contort the interface, and the
"shielding effect" dampens the contortion that may arise.

This work was motivated by the need to understand the turbulent flow fields in MILD/
Flameless combustion systems, but since this was done in a isothermal flow field, it is rec-
ommended to verify the applicability of these results under conditions with heat release.
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