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Abstract: Large eddy simulation for a jet in crossflow at very low Reynolds number
(Re=100) is performed for different jet-to-crossflow velocity ratios (r) ranging from 1
to 4.5, and the corresponding streamlines, vortex characters and interaction between
the vortices have been analyzed. The results show that the streamlines for the jet in
crossflow are closely related to the velocity ratios. The evolution of three-dimensional
vorticity for displaying the formation of large-scale vortices has also been investigated.
Near the nozzle of the jet, the stable mixed vortices including the counter-rotating
vortex pair (CRVP), the horseshoe-vortex (HSV), the wake vortices (WV), the
upright-vortices (UV) and the ring-like vortices come into being. The presence of the
CRVP and RLYV structures can maintain a quite long distance even to the flow exits at
lower velocity ratio. However, the RLV are in destruction soon at larger velocity ratios
under the interaction for the mixed jet in crossflow. Vortex evolution at velocity ratio
r=1.5 have been displayed to explain the mechanism of the regular vortex under the
interaction of UV and WV. The velocity streamlines have been obtained
computationally and analyzed in details.

Keywords: jet in crossflow (JICF); large eddy simulation (LES); vortex interaction;
vortex.

1. Introduction

A jet in crossflow (JICF) is an important flow phenomenon that is defined as the flow field
where a jet of fluid enters and interacts with a crossflowing fluid [Muppidi (2007)]. There are
various applications in the engineering problems such as the aerodynamic flow control, film
cooling of turbines and combustors, control of separated flows over an airfoil, industrial
mixing, and pollutant dispersion from effluent stacks [Lim (2006)].

In the past 70 years, numbers of experimental and computational research for JICF have
been conducted. These researches mainly focus on the development and evolution of large-
scale vortex structures, trajectory and other related flow phenomena. The interaction between
the jet and the crossflow can generate the coherent vortex structures: the counter-rotating
vortex pair (CRVP), the horseshoe-vortex (HSV), the wake vortices (WV), the upright-
vortices (UV) and the ring-like vortices (RLV) [Céardenas (2007)]. Fig. 1 has shown a side
view of the corresponding vortex in the flow field. An experimental investigation on the



effects of jet velocity profiles on the flow field of a round jet in cross-flow (JICF) using laser-
induced fluorescence and digital particle-image velocimetry techniques (DPIV) have been
conducted [New (2006)] in 2006. The results had shown that the parabolic JICF not only can
exhibit a faster velocity recovery, it can also register a higher magnitude of the peak average
vorticity. The establishment [Camussi (2002)] of different behaviours at various velocity
ratios is interpreted physically as an effect of the Reynolds number of the jet. This means that
the Reynolds number has an essential effect on the destabilization mechanisms for the
formation of the mixed vortex. The CRVP undulates in the turbulent flow and interacts with
the intermittent wake vortices which in turn interact with the boundary layer and the vortices
therein [Salewski (2008)].
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Fig. 1 Vortex Structures of a JICF [Jouhaud (2007)]

A new model [Mashayek (2011)] for atomization of a turbulent liquid jet in a subsonic
crossflow had been developed. The corresponding results had shown that the droplets
stripping apart from the jet body can make a great contribution to the formation of the vortical
structures along the wake of the jet. It was also shown that the spreading of the jet into a
sheetlike shape strengthened the extent of the vortical structures in the JICF, which will affect
the droplet dynamics downstream of the jet. The problem of the proper choice of the turbulent
Schmidt number in the Reynolds-averaged Navier-Stokes (RANS) jet in crossflow mixing
simulations had been summarized [Ivanova (2013)]. The mainly conclusion was that the
turbulent Schmidt numbers ranging from 0.2~0.3 used in JICF simulations for obtaining the
optimal mixing predictions were not in agreement with the physical reality. More accurate
prediction of mixing in JICF is significantly important to the development of combustion
systems. The turbulent mixing of a jet in crossflow performed at the Reynolds number of
6930 by using the large eddy simulation method [Esmaeili (2015)]. The velocity profile for
the jet pulsation substantially affected the JICF structures, and relatively low Strouhal
numbers ranging from 0.0075 to 0.05 can develop an optimal condition for mixing,
entrainment and penetration in the corresponding JICF. The effects of pulsing of high-speed
subsonic jets (Ma=0.47~0.77) on mixing and jet trajectory in turbulent subsonic crossflows by
using large-eddy simulation had been investigated [Srinivasan (2012)]. The regime of pulsed
JICF had shown both the similarities and differences to the earlier experimental work. At the
larger Strouhal number, the vortex interaction will still increase. However, the vortex ring will



be broken down in a relative short time, resulting in reduced penetration at a larger Strouhal
number.

One leading parameter determining the development and evolution of large-scale vortex
structures in JICF is the velocity ratio r [Yuan (1999)], if the densities in the jet and the
crossflow are the same, r can be defined as:
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otherwise, the effective velocity ratio r can be obtained by the square root of the momentum

flux ratio as [Gutmark (1999)].
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The simulation and analysis for a jet in crossflow at very low Reynolds number (Re=100)
will be performed for different jet-to-crossflow velocity ratios (r) ranging from 1 to 4.5.

2. Numerical methods and flow configuration

2.1.Numerical methods

At present research, the large eddy simulation (LES) has been adopted, because the LES
turbulence model is different from Reynolds Averaged Navier-Stokes Equation (RANS) and
Direct Numerical Simulation (DNS). The aim of the LES is to resolve the large scale of
turbulence, and the smaller ones are modeled based on the universality. By filtering process in
the large eddy simulation, the vortices less than a certain scale are filtered from the flow field,
large eddy is calculated firstly. Then the solution of small eddy by solving additional equation
will be obtained. Consequently, LES is more suitable for industrial configurations, in which
large scales are known to be essential. In the case of the JICF, the unsteady behavior of the
various flow structures is expected to be more important, the unsteady LES approach that
provides spatiotemporal resolution should be used [Jouhaud (2007)].

In the LES method, the whole flow will be divided into large-scale eddy and small-scale
eddy. Basic equations of LES are obtained after filtering Navier-Stokes equation and the
continuity equation [Chen (2010)]:
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where p is the density of fluid , u; and u; are the velocity components, p is the pressure , u is
the kinematic viscosity coefficient, the variables of formula with an overline are the field
variables filtered.



Component of subgrid-stress tensor (SGS) is obtained as r_ijz—p(TUj—U_iu_j). And u; is
defined as u,=u. +u/, therefore the SGS can be decomposed into three parts:
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where, L; is Leonard stress of the SGS, which can be obtained by L uu —uu

o -uu +u,uJ ,

the Reynold stress of the SGS. L; shows the motion effect among the solvable large eddy,

and it is named cross stress of the SGS. R; captured by R; u U represents

C, stands for the motion effect between the solvable large eddy and the unsolvable small
eddy, and R; is the interaction among the unsolvable small eddy, respectively.

Based on the assumption of Boussinesq, the relationship between Z and S_“ can be
expressed as:

- 1 — _
T _gé}j Ty =244 Sij (6)

S is strain rate tensor after filtering,

where g is turbulent viscosity, d; is Kroneker symbol, S,

— 1,06u
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Turbulent viscosity z can be configured as product between length scale | and velocity
scale g. By assuming that the magnitude of small-scale is in equilibrium, length scale and
velocity scale can be defined as I=C A, q =Z|§|, then the turbulent viscosity g, can be

expressed as:
u=1[5] ®)
where C, is constant of Smagorinsky, the approximation of the constant is
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The value measured in the atmosphere for Kolmogorov constant is 1.4, thereby C, ~0.18.
However, the value of C, is usually taken as 0.1 in practical application. A is the scale of
grid filter, and it is obtained by A=(AxAyAz)"®. For unstructured grids, Acould be acquired
by extracting a cube root for the unit volume. Scan be captured by

S|=\/2S;S; (10)



2.2.Flow configuration and grid distribution

Fig.2 shows the flow configuration and the size of the computational domain. The flow
region is rectangular, the length, breadth and height are 65Dx20Dx16D. The jet channel is
circular and Reynolds number of the fluid is 100, D presents the diameter of round jet. The
structured grids will be adopted in the calculation, and the corresponding mesh have also been
refined near the entrance of jet.
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Fig. 2 View of the grid
3. Results and discussion

3.1.Time-averaged particle trajectory

The connection of the jet center has been defined as the time-averaged particle trajectory
for the JICF. Fig.3 shows different trajectories obtained from the stream traces. These time-
averaged particle trajectories show that by the action of the crossflow the jet is deflected
downstream. In the proximity of the jet exit, it is noticed that the trajectories are almost
vertical up to the main flow indicating that the ability of vertical penetration for the cases is
about the dimension of the jet [Saha (2012)]. As shown in Fig.3, the jet has a larger Kinetic
energy and a stronger penetration compared with the crossflow near the nozzle, therefore the
jet can quickly flow across the boundary layer. Once the jet reaches the crossflow in the flow
channel, it will experience drastic exchange of energy and momentum, and penetration
capability of the jet decreases leading to a deflected jet thereby. This phenomenon can
produce more complex vortices, such as the counter-rotating vortex pair, upright vortex,
vortex ring, horseshoe vortex and wake vortices, respectively.
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Fig. 3 Time-averaged particle trajectories for the JICF

Comparison of various cases in Fig.3, it has revealed that the jet penetration is highest for
the highest r and it is almost followed by velocity ratio r. The upstream for the inflow with
boundary layer near the nozzle can generate more kinetic energy loss. This will result in the
higher pressure gradient in the vertical direction which rises fluid upwards to a higher extent.
Thereby, the more momentum loss, the deeper penetration of jet in crossflow will reach for a
given jet profile.

The time-averaged particle trajectories in the JICF can be approximately expressed as
[Chassaing (1974) and Camussi (2002)]:

y = A(x)" (11)

where y is the height of the jet penetration, x is the streamwise position. In the presented cases,
the corresponding A and n are listed in Tab. 1. The studied cases in this paper have shown a
good agreement with the experiment results (Camussi 2002) within 5% error. This
demonstrates that the large eddy simulation has higher accuracy.

Table 1 Coefficient A and n

. A relative error n relative error
Vef;t'i%ty A (Camussi of A (%) n (Camussi of n (%)
2002) 2002)
1 1.5377 1.5962 3.66% 0.3708 0.39 4.92%
2 2.4926 2.5158 0.92% 0.3723 0.39 4.54%
3 4.3904 4.566 3.85% 0.3755 0.39 3.72%
4 7.5213 7.865 4.37% 0.3821 0.39 2.03%

3.2.Evolution of three-dimensional vortex

Fig.4 is an overall view of vortex structure in JICF at Reynolds number Re=100 with a
velocity ratio r=1.5. It is apparent that the spatial evolution for large-scale such as CRVP and
RLV can be clearly observed, the HSV, UV and WV have been also shown below the large
scale vortices (CRVP and RLV). Near the nozzle, the CRVP and RLV have appeared due to



the action of shear layer. While once produced, the vortices will not immediately fall off, but
stretch along the flow at a certain frequency. The CRVP and RLV generate a gradually rising
in the interaction among the small scale vortices (HSV, UV and WV) and boundary layer. As
shown in Fig.4(a), the vortices are generated near the nozzle, with the increasing distance
from the entrance of the jet, scale and strength of vortex rings are enhancing (Fig.4(a)~(e)).
With the further development of the JICF, the intensity of vortices will be evolved stronger,
the CRVP and RLYV start to fall at a certain time after deformation and distortion. The falling
frequency of vortices is much faster than the formation. After completing the process of
falling, the JICF will generate more stable CRVP far away from the nozzle (Fig.4(f)).
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Fig. 4 Evolution of vorticity for JICF with a circle nozzle
(@) t=1.9s; (b) t =3.74s; (c) t =6.24s;(d) t =7.8s; (e) t =9.86s; (f) t =15.72s

3.3.Analysis of three-dimensional vorticity

After flowing into the crossflow, the jet will generate three processes under the interaction
of the jet and crossflow: the initial phase, the curved phase and penetration phase. The JICF
will make an access to the full development phase after shearing, wrapping and other effects.
The small-scale structure in the jet core area surrounding is ongoing for stretch, rupture
merged into the large scale vortices. The CRVP and RLV will be broken down into crossflow.
Far away from the entrance, the previous vortices will gradually decline and evolve into
CRVP at higher .

The evolution and interactions for the vortices structures are significantly affected by the
variations of velocity ratio. In particular, the vortex content of the CRVP and RLV are



analyzed, showing a vortex flow phenomena which strongly depends on r. The most
important effect of r on the flow behavior is the changing of the CRVP and RLV structures.
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Fig. 5 Three-dimensional vorticity

As shown in Fig.5, the presence of CRVP and RLV structures can last quite a long
distance even to the flow exits at lower velocity ratio (Fig.5(a) and (b)). The interval between
CRVP and RLV s relatively large. However, when the velocity ratio becomes larger
(Figs.5(c)~(f)), the RLV could only maintain a short distance. Forming frequency of RLV
increases with the increasing velocity ratio r. While with the augment of velocity ratio, the jet
Kinetic energy increases, gap of the RLV near the nozzle will be generated closer, and the
diameter for the RLV will become smaller. However, due to the strong interaction of the WV,
HSV, UV, RLV and shear layer, the RLV will be destroyed soon.



3.4 Vortex Interaction
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Fig. 6 Evolution for interaction of HSV, WV and UV at r =1.5
(@) t=1.9s; (b) t =3.74s; (c) t =6.24s;(d) t =7.8s; () t =9.86s; (f) t =15.72s

It is essential to investigate the interaction of the WV, HSV, UV, RLV and shear layer,
which is the main reason for the disappearing of the RLV. A scheme for clarifying this feature
has been displayed in Fig.6, which has shown the evolution of interaction between the UV,
HSV and WV at r=1.5. The formation of the HSV is near the nozzle (Fig.6(a)), which is
seemed to show a fixed shape during the evolution. Once affected by UV in the initial phase,
the HSV can generate a stable status through a period of development (Fig.6(a)~(f)). Since the
HSV is formed earlier than the CRVP, the CRVP can only affect WV.



As shown in Fig.6, the most significant phenomenon is the evolving regular vortex, which
can be attributed to the interaction between the UV and WV. From the outset, the core area of
the jet is strongly influenced by the interaction between the boundary layer and the UV
system, therefore, the jet is restrained which can result in lifting up from the jet core area.
There is a clear exhibition about the flow of the oscillation along the direction of crossflow.
The regular vortex will be generated below the CRVP and RLV under the interaction of the
UV and WV. Due to the combined effect of the jet, boundary layer, the WV, HSV, UV in the
jet core area, vortices including the regular vortices and large scale eddy will be soon
decomposed to a series of shocking eddy wrapped into the wake zone (shown in Fig.6(f))
[Guan (2007)].

3.5.Spanwise Velocity Streamlines

As shown in Fig.7, the CRVP have been clearly generated based on different velocity
ratios (r=1~4) by adopting the spanwise velocity streamlines, which is formed due to the high
velocity ratio. The annular area affected by the CRVP (marked with red circle) at lower
velocity ratio has an approximately elliptical shape with a smaller acreage. The velocity
stream is seemed to converge at one point above the CRVP. However, with the increasing the
velocity ratio, the eccentricity for the annular area affected by CRVP is nearly generated at
zero, which means that the shape of the annular area is almost in the circle shape. As a matter
of course, the corresponding area is followed bigger by r.

When r=1 (Fig.7(a)), to be same to the other studied cases (Figs.7(b)~(d)), the relatively
symmetric vortices pair have been formed at the upper boundary. However, the corresponding
intensity of the crimping and winding for the formed vortices at low ratio (r=1) are much
weaker than the other cases. In addition, the whole rotating region is also much more flat. As
the velocity ratio further increases, the whole former formed vortex cores have begun to move
up gradually (shown in Figs.7(b)~(d)). And the corresponding strength have also been
boosted up. The whole vortex regions have become more circular and greater. When r=4
(shown in Fig.7(d)), the intensity and region of the formed vortices have reached the
maximum value. The spanwise position for the vortex core has located nearly five times
height compared with the lowest velocity ratio (shown in Fig.7(a)). Except this, as shown in
Fig.7(d), the second vortices have also been induced by the formed CRVP at relatively higher
velocity ratios (r=4). The higher velocity ratio got, the stronger second vortices can be
obtained. And the corresponding position is also gradually moving up, which will be
swallowed up by the CRVP ultimately at a certain downstream position.



Fig. 7 The spanwise velocity streamlines for the JICF

4. Conclusions

The jet in crossflow at Reynolds number (Re=100) have been performed based on the LES
method, the corresponding conclusions have been listed as follows:

(1) Three-dimensional streamlines are closely related to the velocity ratios, the higher
velocity ratios become, the deeper the penetration can reach. The more stable mixed vortices
including the CRVP, RLV, UV, HSV and WV can be generated. The RLV will move up at
the beginning, and then start to fall after a certain period of time near the nozzle of the jet.

(2) The presence of the CRVP and RLV structures can maintain quite a long distance even
the flow exits at lower velocity ratio, but the RLV will be in destruction soon at larger
velocity ratios under the interaction for the mixed jet in crossflow. The relative regular
vortices can be generated below the CRVP and RLV under the interaction of UV and WV,
which will be decomposed to a series of shocking eddy wrapped into the crossflow.

(3) The relatively symmetric vortices pair can be generated at the upper boundary. The
whole vortex regions can become more circular and greater with the increasing velocity ratio.



The second vortices are also induced by the previous formed CRVP at relatively higher
velocity ratios
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