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Abstract

In this study, effect of swirling addition on the liquid mixing behavior of multi-

orifice-impinging transverse jet mixer has been investigated by planar laser induced

fluorescence as well as large eddy simulation (LES). In the case of swirling addition

into the jet flow, there exists an optimized swirling jet angle or optimized jet-to-cross

velocity ratio for the fixed mixer configuration. A larger swirling jet angle will make

the flow dominated by the swirling, resulting in a slower mixing process. Interaction

of  swirling  crossflow with  no-swirling  injected  streams,  or  with  swirling  injected

streams in the opposite direction is beneficial for the mixing. LES predictions show

that many small vortices are produced homogenously due to intensified impingement

in the case of opposite swirling directions, leading to a relative fast mixing process in

several milliseconds. Whereas the mixing is restrained when the swirling directions of

two flows are the same.

Key  words:  swirling,  transverse  jet  mixer,  process  intensification,  laser  induced

fluorescence, large eddy simulation



Introduction

Mixing is one of the most common used unit operations in industrial processes,

especially in those with rapid parallel competitive reaction, nanoparticle precipitation

or reactive polymerization, where the time scale of the reaction is milliseconds, thus

requiring very fast mixing of the reactants. To achieve this, many researchers have

devoted to optimize the mixer design. Mixers capable of rapid mixing include coaxial

jet mixer  1,2, impinging jet mixer  3-5, transverse jet mixer with or without crossflow,

and microchannel mixer 6-9. The mixing time scale of these mixers can reach several

to several tens of milliseconds. Despite all this, many researchers are exploring new

ways  to  intensify  the  mixing  process,  e.g.  adding  swirling  10,11 or  employing

ultrasonication 12 in the flow field.

Swirling flows are widely used in the practical applications such as separation,

mixing and flame stabilization 13, to intensify the mass, momentum and heat transfer

process. Takano et al. 14 found that the maximum mass transfer coefficient by adding

swirling flow can reaches 6 times larger than that of the straight pipe without swirling.

Palsson et al. 15 found adding swirling flow into the heat exchanger pipes can increase

the shear stress and reduce the fouling rate. Dong et  al.  16 found that the rotation

swirler is more efficient than the non-rotation swirler in reducing the pressure drop

decrease and conveying energy in all ranges of the conveying velocity in dilute-phase

pneumatic conveying. Musa et al.  17 studied the ignition and flame stability of high-

density polyethylene solid fuel with incoming swirling air through a solid fuel ramjet



and found that inducing swirling flow can improve the combustion efficiency and

stability. Liu et al. 18 studied the mixing performance in the turbulent swirling flow of

a multi-inlet vortex reactor by using PLIF and the mixing mechanisms in the reactor

were discussed. It is noted that reports on the swirling flow in the literatures mainly

focus on gas mixing and few works can be found for the liquid mixing, which is more

widely used in chemical production. Thus, it is essential to study how the swirling

design affect the liquid mixing process in the traditional jet mixer.

The experimental techniques,  e.g. particle image velocimetry (PIV) and laser-

induced  fluorescence  (LIF)  technique,  as  well  as  computational  fluid  dynamics

(CFD),  are  commonly  used  to  study  the  mixing  process.  The  macroscale  mixing

characteristics such as the concentration distribution, jet penetration and trajectories

can  be  obtained  experimentally19,20.  However,  it  is  difficult  to  obtain  the  intrinsic

features, e.g. the generation and evolution of the vortex structure. The CFD simulation

provides  an  alternative  method  to  study  the  mixing  mechanisms  in  detail.  For

example, Zhang et al.  21 employed LES to investigate the variation of pressure and

velocity of the oscillation caused by the unsteady engulfment flow. Huang et al.  22

investigated the effect of the density difference and viscosity of two miscible fluids on

the mixing process in a lid-driven cavity by numerical simulation. Mohammadpour et

al.  23 used CFD to understand the flow structure for the design of the packed bed.

Kriaa  et  al.  24 studied the dynamic  structure,  heat  and mass  transfer  of  a  vertical

ceramic tiles dryer by using CFD. Zhang et al. 25 studied the mixing performance of a

3D metal printing showerhead mixer by both experiments and CFD simulation.  In



these studies, CFD is employed to not only understand the flow structure but also

optimize the mixer design.

The multi-orifice-impinging transverse (MOIT) jet mixer, in which the jet flow is

injected into crossflow through multiple orifices, can accomplish fast liquid mixing in

a few to tens of milliseconds in our previous study 26,27. The objective of this work is

to carry out further investigation on the mixing intensification when the swirling flow

are added into the jet flow or the crossflow. The mixing process of different jet mixer

configurations  was  firstly  studied  by  using  the  PLIF  technique.  Then  LES  was

employed  to  understand  the  interaction  mechanisms  between  the  jet  flow  and

crossflow with and without adding swirling design. 

Experimental

Mixer configurations and operation conditions

In this work, two configurations of swirling jet mixer are investigated. For the

first  configuration,  as shown in Figure 1a,  Stream A (or crossflow) directly  flows

through the mixing pipe. Stream B (or jet flow) is injected into the mixing pipe from

four identical orifices which are embedded on the pipe wall. The swirling of the jet

flows is generated by designing a swirling jet angle, θ1, between the centerline of the

jet orifice and the radial direction. For the other configuration, as shown in Figure 1b,

the  swirling  is  added not  only into  the  jet  flow,  but  also into  the crossflow.  The

swirling crossflow is generated by injecting Stream A into the mixing pipe through

four  identical  orifices  embedded  on  the  pipe  wall  with  a  swirling  jet  angle,  θ2,



between  the  centerline  of  the  jet  orifice  and the  radial  direction.  The  rectangular

chamber is constructed around the pipe to reduce the optical distortion caused by the

round pipe. In order to distinguish the swirling direction of the jet flows, we define

the swirling jet angle (θ1 or θ2) positive if the swirling is counterclockwise from the

top view, otherwise, the swirling jet angle is negative when the swirling is clockwise.

The swirling jet mixer shown in Figure 1 is named as M(θ1,  θ2). In this study, the

diameter of mixing pipe is fixed to be 16 mm, while the diameter of injecting orifice

is  fixed  to  be  4  mm,  and  the  number  of  orifices,  n,  is  4.  Different  jet  mixer

configurations and operation conditions are listed in Table 1. The Reynolds numbers

of the Stream A in the mixing pipe and the Stream B in the orifices, ReA and ReB, are

in the range of 7000 -  17,500 and 3500 -  14,000, respectively,  to ensure the two

streams are in  the turbulent  flow. The Reynolds number of the completely mixed

stream of two fluids, ReM, is fixed to be 21000. As two fluids have the same density,

the velocity ratio of the jet flow (Stream B) to the crossflow (Stream A) is defined to

characterize the operation conditions, 

r=u j /uc (1)

where uj is the velocity in the injecting orifice,  uc is the velocity of the crossflow in

the mixing pipe.



Figure 1. Schematic diagrams of the MOIT jet mixer with (a) adding swirling in the

jet flow and (b) adding swirling in both the jet flow and the crossflow.

Table 1 Operating conditions for different configurations of the mixer investigated by

PLIF and LES.

Case
Flow rate Re r θ1 θ2

QA (L/h) QB (L/h) ReA×104 ReB×104 ReM×104 uB/uA ° °

1 800 160 1.75 0.35 2.1 0.8 0 0

2 640 320 1.40 0.70 2.1 2 0 0

3 480 480 1.05 1.05 2.1 4 0 0

4 384 576 0.84 1.26 2.1 6 0 0

5 320 640 0.70 1.40 2.1 8 0 0

6 800 160 1.75 0.35 2.1 0.8 15 0

7 640 320 1.40 0.70 2.1 2 15 0

8 480 480 1.05 1.05 2.1 4 15 0

9 384 576 0.84 1.26 2.1 6 15 0

10 320 640 0.70 1.40 2.1 8 15 0

11 800 160 1.75 0.35 2.1 0.8 30 0

12 640 320 1.40 0.70 2.1 2 30 0



13 480 480 1.05 1.05 2.1 4 30 0

14 384 576 0.84 1.26 2.1 6 30 0

15 320 640 0.70 1.40 2.1 8 30 0

16 800 160 1.75 0.35 2.1 0.8 45 0

17 640 320 1.40 0.70 2.1 2 45 0

18 480 480 1.05 1.05 2.1 4 45 0

19 384 576 0.84 1.26 2.1 6 45 0

20 320 640 0.70 1.40 2.1 8 45 0

21 480 480 1.05 1.05 2.1 4 0 45

22 384 576 0.84 1.26 2.1 6 0 45

23 320 640 0.70 1.40 2.1 8 0 45

24 480 480 1.05 1.05 2.1 4 30 45

25 480 480 1.05 1.05 2.1 4 15 45

26 480 480 1.05 1.05 2.1 4 -15 45

27 480 480 1.05 1.05 2.1 4 -30 45

Experimental setup

The experimental setup is shown in Figure 2. 2D LIF technique is employed to

study the mixing performance of the swirling jet mixer. Tap water is used for both

Stream A and Stream B, and Stream A dissolves a tracer for the PLIF experiment.

Rhodamine  6G is  chosen  as  the  fluorescence  tracer  because  of  its  relatively  low

sensitivity to temperature variations 28. Both streams are pumped into the jet mixer at

a fixed flow rate using two gear pumps. The entire fluid in the pipe is excited by a

continuous laser (KSPL05), and the emitted fluorescence light is captured by a CCD

camera  (Baumer,  TXG14NIR)  with  the  image  size  of  1392  ×  1040  pixels.  The

distribution of the fluorescence intensity in the measurement plane can be converted



to the tracer concentration distribution. The details of the experimental system and

imaging post-processing can be found in our previous work 27. 

Figure 2. Experimental setup of the PLIF measuring device. 1-Rhodamine 6G tank;

2-Tap water tank; 3-Gear pump; 4-Flow valves; 5-Rotameter; 6-swirling jet mixer; 7-

High-pass optical filter; 8-CCD camera; 9-Laser sheet; 10-KSPL05 laser; 11-Data

acquisition and image processing system.

Numerical methods

Large  eddy  simulation  (LES)  approach  is  used  to  simulate  the  transient

turbulence flow, in which large-scale eddies are predicted directly by solving Navier-

Stokes equations, whereas small eddies are simulated by subgird scale models. The

basic governing equations are as flows:

∂ui
∂x i

=0
 (2)

∂ui
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+
∂uiu j
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∂ xi

 (3)



where ui is the velocity component in i direction, ρ is the density, p is the pressure, ν

is the kinematic viscosity and τ ij is the SGS stress tensor, which represents the effect

of the unresolved scales in the resolved ones and is written as

τ ij=u iu j−ui u j (4)

In order to close the equation, additional stress is expressed in terms of the grid-scale

velocity field as

τ ij−
1
3
δij τkk=−2v t Sij (5)

where Sij is the filtered strain tensor in the eddy viscosity model. The dynamic kinetic

energy (DKE) model, which is first proposed by Kim and Menon 29, is employed as

SGS  turbulent  model.  The  DKE  model  calculates  the  subgrid  kinetic  energy  by

solving its transport equation, which has been successfully applied to simulate similar

turbulent mixing processes 30. The SGS kinetic energy, k sgs, and SGS eddy viscosity,

v t, are defined as

k sgs=
1
2

(uk
2
−uk

2
) (6)

v t=C k ksgs
1 /2∆f

 (7)

where ∆ f  is the filter size defined as V 1 /3. The SGS stress tensor, τ ij, can be expressed

as

τ ij−
2
3
ksgs δij=−2C kk sgs

1/2∆ f Sij (8)



Then, the transport equation for the SGS kinetic energy is
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where C k and C ε, are determined dynamically by solving the transport of the subgrid

scale turbulence kinetic energy, and σ k equals 1.0.

The transport equation for the passive scalar, f , is written as

∂ f
∂ t

+ui
∂ f
∂ x i

=Γ
∂
∂ xi (

∂ f
∂ x i )−

∂J i ,sgs
∂x i

(10)

where Γ  is the molecular diffusivity and J i , sgs is the subgrid scalar flux vector, which

can be modeled by using the gradient diffusion hypothesis as

J i , sgs=
−vsgs
Scsgs

∂ f
∂ x i

(11)

where vsgs is the viscosity or eddy viscosity and Scsgs is the turbulent Schmidt number.

The  governing  equations  are  solved  by  the  commercial  software  ANSYS

FLUENT 14.5.7. The SIMPLE algorithm is adopted for pressure-velocity coupling,

and the bounded central differencing method is used for the spatial discretization of

the momentum, turbulent kinetic energy, and concentration. Time step is set to 0.0002

s.  The  mesh  generation  method,  boundary  condition  setting  and  grid  sensitivity

analysis has been discussed in our previous work 26 and is also adopted in this work. 



Results and discussion

Macromixing performance by adding swirling flow

To evaluate the effect of the swirling design on the macromixing performance,

PLIF  experimental  results  for  different  mixer  configurations  are  firstly  discussed.

Here, the strategy of adding swirling flow into injected streams (Stream B) is first

considered. The Reynolds number,  ReM, of the mixed stream is kept at 21000 when

the jet-to-cross velocity ratio, r, is varied from 0.8 to 8.

The swirling of the jet flow are generated when  θ1 increases from  0°  (without

swirling  design)  to  15°,  30°,  and  45°.  Instantaneous  concentration  distributions  at

different jet-to-cross velocity ratio are shown in Figure 3. It is observed for a certain

configuration of the jet mixer, increasing r leads to high interaction intensity between

injected  streams  and  the  crossflow.  When  r reaches  a  certain  value,  strong

impingement results in the occurrence of the back-splash, i.e. part of injected streams

go upstream. One can see that there exist two types of the back-splash behavior. One

is that the back-splash stream goes upstream in the middle of the mixing pipe, as

shown in Figures 3d1 and 3e1, i.e. the configuration without swirling flow design. The

other is that the back-splash stream goes upstream adjacently to the mixing pipe wall

when the swirling flow is added into the jet flow, as shown in Figures 3d 3, 3e3, 3c4,

3d4, 3e4. 



Figure 3. Instantaneous concentration distributions for different mixer configurations.

(a1-e1): M(0°, 0°), (a2-e2): M(15°, 0°), (a3-e3): M(30°, 0°), (a4-e4): M(45°, 0°); (a1-a4): r

= 0.8, (b1-b4): r = 2, (c1-c4): r = 4, (d1-d4): r = 6, (e1-e4): r = 8.

In  addition,  one  can  see  that  slight  back-splash  occurs  when  r =  8  for  the

configuration  of  M(15°,  0°),  whereas  intensive  back-splash  has  occurred  when  r

reaches 6 for the mixer without swirling addition (as shown in Figure 3d1), i.e. the

back-splash can be effectively suppressed with a larger jet-to-cross velocity ratio by

adding swirling into the jet flow. It is noted that the overall mixing time increases



when the back-splash occurs, which indeed represents axial back-mixing. In the cases

of swirling addition, obvious back-splash is also observed when r = 6 for M(30°, 0°)

and r = 4 for M(45°, 0°). This indicates that there is an optimized swirling jet angle

for generating swirling flow with appropriate intensity.

In  order  to  evaluate  the  macromixing  performance  quantitatively,  the  mixing

time is calculated based on the intensity of segregation (IOS) of the mixed stream in

the pipe at a certain axial location. The IOS is defined by

IOS0.5=
σ t

√ ⟨ f t ⟩ (1− ⟨ f t ⟩ )

(12)

where 
⟨ f t ⟩

 is the mean concentration, σ t
 is the deviation. The overall mixing time τ is

defined as

τ=
L
uM

(13)

where L is the distance from the upstream point where IOS0.5=0.1 to the downstream

point where the two streams have reached the same mixing state, IOS0.5=0.1.31

As shown in Figure 4, for a certain jet mixer, there is an optimum velocity ratio

to obtain the shortest mixing time, e.g.  r = 6 is the optimum velocity ratio for the

mixer M(15°, 0°), with an overall mixing time of τ = 3.8 ms. At the same time, for a

certain velocity ratio, there is also an optimized swirling jet angle design. M (15°, 0°)

is the optimized mixer when velocity ratios are 4, 6 and 8, while M (30°, 0°) is the



optimum mixer when velocity ratio are 0.8 and 2, respectively, which indicates that

lower  jet-to-cross  velocity  ratio  requires  a  larger  swirling  jet  angle  to  guarantee

appropriate impingement intensity of two flows.

Figure 4. Comparison of the overall mixing time for different mixer configurations.

However, when the swirling flow is added into the crossflow (Stream A) the

macromixing  performance  shows  significant  difference.  For  the  convenience  of

comparison,  the  mixing performance of  M(0°,  45°)  and M(0°,  0°)  at  the  velocity

ratios  of  r =  4,  6,  8  are  compared,  as  shown  in  Figure  5.  It  is  seen  that  the

concentration  distribution  in  the  mixer  M(0°,45°)  becomes  homogeneous  much

earlier. Besides, the back-splash does not occur even at r = 8, i.e. the back-splash can

be effectively suppressed by adding swirling flow into the crossflow. From Figure 4,

we can find that the mixing times of M(0°,45°) are 4.3 ms, 3.0 ms and 2.4 ms at the

velocity ratios of r = 4, 6, 8, which is much shorter than that of M(0°, 0°) (i.e. without

swirling addition). It can be concluded that adding swirling flow into the crossflow

can greatly speeds up the mixing process. 



Figure 5. The instantaneous concentration distribution of different jet mixer. (a1, b1,

c1): M(0°, 0°), (a2, b2, c2): M(0°,45°); (a1, a2): r = 4, (b1, b2): r = 6, (c1, c2): r = 8.

Validation of LES predictions

In order to understand the interaction mechanisms of the mixing fluids using

different  swirling  adding  strategies,  the  LES  simulations  are  carried  out.  Firstly,

prediction accuracy is performed. As the grid sensitivity analysis has been carried out

in our previous work 26, here we only validate the simulation results from the wall y+

value  discussion,  power spectral  density  analysis  and time-averaged concentration

distribution comparison.

The y+ value is the dimensionless wall distance, which should be smaller than 5

to ensure that the flow adjacent to the wall is in the laminar regime. In the study, for

all the simulation cases, at least 95% of cells in the near-wall region of the mixing

pipe  has  y+¿¿ values  below the  critical  value,  5,  which  indicates  that  the  viscous

sublayer can be resolved well in the mixing zone. 

The power spectral density (PSD) is usually used to understand the transport of

coherent structures and the related energy dissipation process. In the LES modeling,



the criteria for a grid of sufficient fineness is that it can resolve the inertial range to

get meaningful results32. According to the Kolmogorov -5/3 theory, the characteristic

slop (-5/3) of the inertial range can be used for the test. The concentration PSD of

M(0°, 0°), M(15°, 0°), M(30°, 0°), M(45°, 0°) and M(0°, 45°) at three selected points,

i.e. x = 0, y/D =3, 4, 5 are analyzed. The Kolmogorov’s -5/3 decay is supported in the

intermediate frequencies of 50-500 Hz. It can be assumed that the grid resolution is

sufficient for the simulation.

Figure 6 compares the time-averaged concentration distribution between PLIF

experiments  and  LES  predictions.  As  can  be  seen,  the  predicted  concentration

distributions of all swirling jet mixers agree well with the experimental results. The

above analysis shows that the LES method adopted in this study can well predict the

turbulent mixing process



Figure 6. Comparison of the time-averaged concentration distributions between the

PLIF results and the LES predictions. (1) M(0°,0°); (2) M(15°,0°); (3) M(30°,0°); (4)

M(45°,0°); (5) M(0°,45°); r =4, 0< x/R < 1; (1a~5a): y/D = 0.5; (1b~5b): y/D = 1.0;

(1c~5c): y/D = 1.5; (1d~5d): y/D = 2.0.

Understanding swirling effect by velocity distribution analysis

In  the  jet  mixing  process,  how  injected  streams  interact  with  the  bulk  flow



determines the mixing efficiency. Thus, predicted velocity distribution is illustrated to

understand the interaction mechanisms when swirling is employed. Figure 7 shows

the mean  x-velocity  contours and streamlines in the case of swirling addition into

injected streams at r = 4. It is seen that symmetrical backflow vortexes occur near the

pipe  wall  due  to  the  entrainment  of  injected  streams  when  no  swirling  is  added

(Figure  7a).  When a  swirling  jet  angle  of  15° is  applied  in  the  jet  flow,  injected

streams are found distorted and smaller vortexes are generated, as shown in Figure 7b.

In addition, streamlines become more complicated, which implies that impingement

of  two  fluids  has  been  intensified  by  the  swirling  addition.  However,  when  the

swirling  jet  angle  increases  to  30°,  backflow vortexes  disappear  and an  irregular

whirlpool  occurs.  This  indicates  that  the  enhanced  swirling  flow  surpasses  the

interaction  between  the  jet  and  the  crossflow.  One  can  see  that  a  more  regular

whirlpool is generated when the swirling jet angle further increases to 45° (see Figure

7d). It is noted that when the swirling dominates the fluid flow, injected streams will

rotate down adjacently to the wall of the mixing pipe, whereas the crossflow prefer to

flow down in the center of the pipe. This flow of relative segregation is actually not

conducive to mixing. Comparison of the overall mixing time in Figure 4 gives a direct

support of this point, i.e. the order of mixing time for different jet mixers is  M(15°,

0°) < M(30°, 0°) < M(0°, 0°) < M(45°, 0°) when r = 4. Thus, appropriate swirling jet

angle should be 15° when the swirling is applied in the jet flow.



Figure 7. The contours of the mean x-velocity and the streamlines at y/D = 0.25.

 (a) M(0°, 0°); (b) M(15°, 0°); (c) M(30°, 0°); (d) M(45°, 0°)

In the case of adding swirling in both the jet flow and the crossflow, the mixing

process  is  significantly  different  when  the  swirling  directions  of  two streams  are

changed.  Here,  the swirling jet  angle of the crossflow,  θ2 is  fixed at  45°, and the

swirling jet angle of injected streams, θ1 is varied from opposite direction (i.e. θ1 = -

30° or -15°), no swirling (i.e.  θ1 = 0°), to the same direction (i.e.  θ1 =15 or 30°).

Figure 8 compares the velocity distribution colored by the mean tangential velocity. It

is seen that the swirling is speed up when the swirling directions are the same (Figures

8a and 8b). Whereas the tangential velocities decrease significantly when the swirling

directions are opposite (see Figures 8d and 8e). This implies that the energy of two

swirling streams is effectively dissipated due to the strong impingement between the



crossflow and injected streams, which is indeed beneficial for improving the mixing

efficiency.  The profile  of  the  overall  mixing time  vs. the swirling  jet  angle of  θ1

(Figure 9) gives a direct proof of this point. It is seen that the mixing time decreases

obviously from 31.4 ms to 6.1~7.2 ms when θ1 changes from a same direction (30°) to

0°  or  an  opposite  direction  (-15°  and  -30°).  In  addition,  there  is  no  significant

difference in the mixing time when the swirling directions are opposite or injected

streams have no swirling. 

Figure 8. Velocity distribution on the cross plane at y/D = 0.5 colored by the mean

tangential velocity. (a) M(30°,45°); (b) M(15°,45°); (c) M(0°,45°); (d) M(-15°,45°);

(e) M(-30°,45°).



Figure 9. The overall mixing time of the jet mixer with different swirling angles of

injected streams, r = 4, θ2 = 45°.

Vorticity evaluation

In  order  to  deeply  analyze  the  swirling  effect  on  the  mixing  process,  the

formation and development of the vortex structures are evaluated by the Q-criterion,

which is one of the most popular criteria to visualize the flow structure by identifying

the invariants of the velocity gradient tensor.

Figure 10 shows the vortices number increases obviously when the swirling jet

angle of injected streams increase from 0° to 15° in the case of θ2 = 0°. This implies

the turbulent interaction is intensified, leading to a fast mixing process, as shown in

Figure  4.  However,  further  increase  in  the  swirling  jet  angle  to  30° and 45°,  the

vortices number begin to decrease. Especially for the jet mixer M(45°, 0°), there are

fewer vortices downstream but many vortices appear upstream, resulting in obvious

back mixing and the overall mixing time is extended. 



Figure 10. Visualization of the turbulent vortex structure by three-dimensional iso-

contours of Q-criterion (Q = 5×106), colored by the concentration distribution. (a)

M(0°, 0°); (b) M(15°, 0°); (c) M(30°, 0°); (d) M(45°, 0°).

Figure 11 provides a qualitative comparison of the turbulent structures identified

using the isonormalized Q-criterion at the cross sections of y/D =0.5. Here, θ2 is fixed

at 45° and the swirling jet angle of injected streams, θ1 varies from 30° to -30°. It is

seen that the vortex distribution is more homogeneous with smaller vortices in the

cases of no swirling addition into the jet flow or opposite swirling directions between

the  jet  flow  and  the  crossflow.  In  particular,  for  the  mixer  of  M(30°,45°)  and

M(15°,45°), large vortices accumulate in the center of the mixing pipe, indicating that

the same swirling directions  between two flows will  speed up the rotation  of the

mixed stream. Correspondingly, the interaction intensity becomes weak, thus, leading

to longer mixing time. 



Figure 11. Turbulent structures from the LES identified using the isonormalized Q-

criterion, y/D = 0.5. (a) M(30°, 45°); (b) M(15°, 45°); (c) M(0°, 45°); (d) M(-15°,

45°); (e) M(-30°, 45°).

Conclusions

In this work, the effect of swirling addition on the mixing performance of multi-

orifice-impinging  transverse  jet  mixer  has  been  studied  experimentally  and

numerically. The swirling is added into injected streams, the crossflow, or the both

through  eccentric  jet  orifices. The  mixing  performance  of  different  mixer

configurations  is  evaluated by the overall  mixing time,  concentration and velocity

distribution, and vorticity analysis.

When swirling is only added into the jet flow, the back-splash can be suppressed

at a relative larger jet-to-cross velocity ratio (r) compared with the traditional multi-



orifice-impinging transverse jet  mixer.  There exists an optimum operating velocity

ratio for a fixed configuration, or an optimum design of the swirling jet angle for a

fixed velocity ratio. LES predictions show that the mixing process is intensified by

producing  more  small  vortices  with  an  appropriate  swirling  jet  angle.  Whereas  a

larger  swirling jet  angle will  make the flow dominated by the swirling other than

intensification of the interaction between two flows. 

In the case of adding swirling into only crossflow or into both flows, interaction

of  swirling  crossflow with  no-swirling  injected  streams,  or  with  swirling  injected

streams in the opposite direction is beneficial  for the mixing intensification.  Many

small vortices are produced due to intensified interaction, resulting in a relative fast

mixing process in several milliseconds. However, when the swirling directions of two

flows  are  the  same,  large  vortices  accumulate  in  the  center  of  the  mixing  pipe,

resulting in weak interaction between two flows and relative slower mixing process.
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