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Abstract 
The flow field resulting from injecting a turbulent jet into a steady cross-flow 
confined in a square duct with relative small size has been studied using flow 
visualization by Schlieren imaging and Laser Doppler Velocimetry (LDV). The 
transparent duct is intended to simulate the flow field in the intake port of an 
internal combustion engine fueled by a gaseous mixture. Jets with three different 
jet-to-cross-flow momentum flux ratio R, from 2.04 to 5.86, have been used by 
changing the jet velocity and keeping constant the cross free stream velocity. The 
Schlieren images show that the relative small size of the duct would affect the 
development of transverse jets when R is higher than ≈ 3, and the interaction 
among jet, cross-flow and sidewalls strongly influences the mixing process 
between jet and cross-flow. The well-known flow feature formed by a counter 
rotating vortex pair (CVP) has been observed through LDV measurement, for all 
the range of investigated R ratios. The CVP starts to appear at the jet exit section 
and persists far downstream contributing to the mixing process, which is observed 
to be almost completed within a distance of 10 nozzle diameters in the streamwise 
direction.  
 
Experimental Set-up 
The experiments have been performed in a transparent straight duct made by 
Plexiglas, (40 mm × 40 mm 500 mm), aimed at simulating the intake port of 
internal combustion engines while allowing full optical access (Fig. 1). The air 
stream, was introduced from one side of the duct through a cylindrical pipe (inner 
diameter = 19 mm). A perforated grid was inserted at the entrance of the duct, well 
upstream the jet injection cross-section to keep the turbulence of crossflow 
approximately homogeneous and isotropic. In the reported experiments, the free 
stream velocity of the crossflow Ucf was maintained constant at 1.62 ms-1. The 
boundary layer of crossflow (defined as the 95% of Ucf) is 7.2 mm, thus the 
undisturbed area into the duct central region amounts to ~41% of the total cross-
section. This observation underlines the importance of the boundary layer on the 
mixing process between jet and crossflow in such small geometry. The turbulence 
intensity is almost constant (≈10%) in the inner region of the flow, with a sharp 
increase at around 4 mm from the wall. 
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As indicated in Figure1, the incompressible gas jet entered the crossflow through a 
round pipe (inner diameter: D = 6.4 mm; length: L = 10D), whose outlet was 
mounted flush with one of the duct wall (called injection wall, hereafter), and 
oriented normally to it. The jet pipe axis resulted parallel to the Z direction of the 
coordinate system shown in Fig.1 as well, which will be used throughout this 
paper, with the origin located at the center of the jet exit, and X axis being the 
direction of the crossflow. The jet axis was located 330 mm downstream of the 
inlet section and 170 mm upstream of the exit. For all the experiments, the 
temperatures of both the jet and crossflow were kept equal as ambient 
temperatures. 

 
Figure 1. Schematic diagram of the duct with transverse gas injection, and the 

coordinate system 
 
The present investigation combines flow visualization with quantitative velocity 
measurements. Schlieren imaging were conducted firstly to study the topology of 
the jet. A Z-type Schlieren imaging set-up was employed here. The Schlieren 
images of the jets were illuminated by a stroboscopic xenon flash lamp and 
captured by a CCD camera (PCO SensiCam, 1280×1024 pixels) with a lens (Nikon 
60mm).  
A Dantec 2D Fiber-Flow optical system was used in LDV measurements with a 
Spectra-Physics Stabilite 2017 argon-ion laser, and the Doppler signals were 
analyzed by two Dantec BSA processors. The LDV system was operated in the 
backscatter mode, and includes a Bragg cell to resolve directional ambiguity. 
Droplets smaller than 2 μm in diameter were seeded in the flow by pneumatic 
atomizer. The maximum measurable frequency of the flow fluctuations, limited by 
the inertia of the tracer oil droplets, is estimated to be around 2 kHz.  
For both Schlieren imaging and LDV tests, air was used for crossflow, while the 
injected gas was air for the LDV measurements and carbon dioxide (CO2) for the 
Schlieren visualizations, due to the large density difference with air, which 
improves the imaging sensitivity. It is well known that the characteristics of a jet in 
crossflow are primarily dependent on the jet to crossflow momentum flux ratio, R, 
and the crossflow Reynolds number, Recf [1], thus these two parameters are used to 
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characterize the experimental conditions. The jet-to-crossflow momentum flux 
ratio R is defined as: 

                                                                                               (1) 
where the subscripts j and cf represent jet and crossflow respectively, ρ is the gas 
density, Uj is the time averaged volume flow rate divided by the area of the jet pipe 
outlet, and Ucf is the free-stream velocity of the crossflow. The details of the 
investigated conditions for LDV are given in Table 1, where Reynolds number of 
both crossflow and jet are presented as well. 
 

Table 1. Experimental conditions used for the LDV tests. 
Case N. R Ucf(m/s) Uj (m/s) Recf Rej 

1 2.04 1.62 3.30 4300 1400 
2 3.06 1.62 4.96 4300 2540 
3 5.86 1.62 9.56 4300 4020 

 
Since CO2 is employed as injection gas in Schlieren imaging test, velocity of jet 
was corrected due to the difference of density between CO2 and air to match the 
same jet-to-crossflow momentum flux ratio as that in LDV tests. 
 
Schlieren imaging 
Fig. 2 show side view Schlieren images providing the typical instantaneous jet 
structure in the stream-wise (X, Z) direction, for three value of the jet-to-crossflow 
momentum flux ratio respectively. Each image has been individually corrected by 
subtracting a mean background image, and shows clearly the shear layer vortices 
along the upwind of jet, which dominate the initial portion of the jet. These vortices 
are conjectured to be the result of instability similar to the Kelvin-Helmholtz 
instability of the annular shear layer that separates from the edge of the jet orifice 
[2]. In addition, it has been suggested that folding of the vortex rings leads to the 
initiation of the CVP. 
From Fig. 2, it is clear to see that the evolution of the vortical structures and jet 
penetration depends strongly on the value of R. At lower momentum flux ratio 
(R=2.04), the jet is entirely deflected by the crossflow and does not reach the 
opposite wall until far downstream (Fig. 2 (a)). As R is increased to 3.06 (Fig. 2 
(b)), the jet is firstly bent by the crossflow, then touches the opposite wall. This 
interaction between jet and wall seems to favour the jet dispersion and mixing with 
crossflow, based on the results of Schlieren images. With a further increase of R up 
to 5.86, the jet impinges on the opposite wall, even before being deflected by the 
crossflow, and rapidly diffuses into the entire section, reattaching to the injection 
wall within about 2.5 jet diameters downstream of the jet exit center. In addition, it 
could be observed that a relative large portion of the injected gas moves upstream 
of the jet axis (Fig. 2 (c)), due to the impact of jet onto the opposite wall, which 
should benefit mixing between jet and crossflow greatly.  
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Figure 2. Instantaneous Schlieren images of jet in crossflow 

 
LDV measurements 
The velocity vectors and turbulence intensity fields on the cross-section X/D=2 are 
shown in Fig. 3, where R is equal to 2.04. The turbulence kinetic energy is 
calculated from the RMS of the two velocity components UY and UZ:  

                                                                                                                (2) 
Fig. 3 clearly shows a counter-rotating vortex pair (CVP) structure, which is found 
to start to appear even at the jet exit plane (X/D=0), for all three cases, although the 
location and strength of the vortices look different. The CVP causes the separation 
of the jet flow into two distinct streamwise ‘tubes’ with vorticity of opposite sign. 
The formation process of CVP in the near field of the jet is quite complex and has 
been studied in depth previously [3]. In the present case, the vortex cores appear 
firstly in the near field of the jet, close to the injection wall, and then spread toward 
the sidewalls of the duct, but their increase in diameter and lateral spreading seems 

(a) R=2.04

(b) R=3.06

(c) R=5.86



 
XXXV Meeting of the Italian Section of the Combustion Institute 

5 
 

to be limited by the confinement effect of the walls. This could be proved by Fig. 4 
and Fig. 5, where R is 5.86 and jet’s evolution is seriously confined by the duct. 
Fig. 4 shows the velocity and turbulence intensity fields at cross section of X/D=2 
while those fields at cross section of X/D=10 are presented in Fig. 5. At both near 
field and far field, the CVP could be observed by the results of LDV 
measurements. However, the position of centers of CVP at far field is more close to 
injection wall than that at near field, indicating the rebound of CVP after 
impingement on the wall and its moving back towards to the jet injection wall. 

           
 Figure 3. Flow field when R=2.04,                Figure 4. Flow field when R=5.86, 
                cross section X/D=2                                          cross section X/D=2 

 
Figure 5. Flow filed when R=5.86, cross section X/D=10 
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Distribution of turbulent kinetic energy is significantly large around the jet exit and 
extends further outwards and downstream due to the diffusion and convection. In 
this study, the maximum turbulence kinetic energy is found to occur in the near 
field of the jet, where deformation of jet cylindrical vortex sheet and formation of 
CVP happen together, which could increase complexity and instability greatly. The 
distribution of turbulence kinetic energy with increasing distance downstream of 
the injection source reflects the progressive enlargement of the vortical structure 
and it is expected to improve mixing. More intense turbulence is observed with 
increasing R, in nearly all the cross-sections, in conjunction with a larger 
penetration of the jet and stronger vortices. At far field, turbulent kinetic energy is 
reduced greatly (Fig. 5), although the heterogeneous distribution indicates that the 
mixing between the crossflow and gas jet has not been completed yet at this far 
field.  
 
Conclusions 
Transverse injection of gas jets into a narrow square duct has been studied by 
Schlieren imaging and point velocity measurements (LDV), under steady 
conditions. The results of both experiments showed the complex turbulent and 
three dimensional structure of the flow, induced by transverse injection. Schlieren 
imaging revealed the strong effect of wall impingement by the jet for R > 3. In 
addition, the well-known flow feature formed by the CVP has been identified for 
all the three velocity ratios investigated. A backward movement of CVP after jet 
impact on the opposite wall indicates a rebound process, but the CVP still persists 
in the far field, up to X/D = 10. The strong turbulence kinetic energy found in the 
near field of the jet suggests that maximum entrainment of crossflow happens 
there. Again, the wall was proved to have strong effects on the mixing as well and 
difference of turbulence kinetic energy field is supposed to be the combined results 
of different values of R and wall effects.  
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