
 

Turbulent jet stability increased by ribs inside 
the nozzle – Stereo PIV measurement one 
diameter past the nozzle 

Daniel Duda1*, Vladimír Abrhám1, Václav Uruba1,2, and Vitalii Yanovych1 
1University of West Bohemia in Pilsen, Univerzitní 22, Pilsen, Czech Republic 
2Intstitute of Thermomechanics of the Czech Academy of Sciences, Dolejškova 5, Prague, Czech 
Republic 

Abstract. We observe that decreasing the inner nozzle surface by adding 
longitudinal ribs increases the jet stability in terms of the amount of turbulent 
kinetic energy in the near shear layer. We try to explain our observation as 
a stabilization effect of secondary flow vortices emerging in the corners of 
the ribs. These stream-wise vortices damage the development of larger-scale 
structures in the near shear layer. This explanation is supported by 
autocorrelation function of the stream-wise velocity component, which 
displays slightly smaller integral length-scale in the case with ribs than in 
the case of smooth nozzle. The experiment is performed at Reynolds number 
2.2 × 105 (based on the nozzle diameter 50 mm); the Stereo-PIV (Particle 
Image Velocimetry) measurement takes place at the plane perpendicular to 
the jet axis one diameter past the nozzle exit. Optical 3D scanner controls 
the real nozzle geometry. This article presents preliminary measurement at 
single position and single velocity only; further exploration of this problem 
is needed. 

1 Introduction 
Jet is the flow structure created by fluid leaving some nozzle or orifice into surroundings with 
different velocity. In the near stage, we distinguish the jet core surrounded by the growing 
shear layer, in later stages, the jet core vanishes, the stream-wise velocity profile converges 
to Gaussian growing in space and weakening in velocity [1,2]. The character of turbulence 
converges to self-similar isotropic and homogenous (at least locally) turbulence of 
Kolmogorovy style until the dissipative length-scale does not overgrow the integral length-
scale. Back to the beginning: the shear layer near the nozzle is often though to display the 
clearest natural living environment for Kelvin-Helmholtz instability, which is one of the basic 
flow instabilities, because it takes places in all shears and transverse velocity gradients 
everywhere within the flowing fluids. It occurs even inside the vortices [3] leading to the 
fractal nature of turbulence [4]. 

Jet flows have many engineering applications from chemical mixing (we want high 
turbulence without strong winds) up to propulsion (we want maximum velocity without 
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turbulent loses). Therefore, it would be nice to control the jet stability by manipulating the 
last solid part in the problem – the nozzle. 

2 Experimental setup 
The air jet is powered via the radial compressor with inlet from the atmosphere. The outlet 
flow is accelerated by using a smooth convergent nozzle from diameter 200 mm to 50 mm. 
The airflow is further modified by using the studied nozzle with or without ribs on its inner 
surface (see Fig. 1 and 2 for easier imagination). Diameter of this second nozzle is constant 
D = 50 mm and its length is 100 mm, i.e. 2D. This nozzle has been created in three variants: 
(a) with a smooth inner cylindrical surface, (b) with 6 longitudinal ribs and (c) with 12 
longitudinal ribs with half thickness than in the (b) case in order to keep the blockage ratio 
constant. The height of the ribs linearly increases from 0 at the nozzle inlet to 2.5 mm (i.e. 5 
% of D) at the nozzle outlet. The blockage ratio is 1.5 % in both variants with ribs; this has 
been compensated during the measurement by increasing the compressor power by this 
percentage, when measuring the flow past the smooth nozzle in order to keep the core 
velocity comparable. All the nozzles have been created by using 3D printer [6] Raise 3D 
from polymerized lactic acid PLA [5].  

The accuracy of 3D printing procedure has been checked by using the optical 3D scanning 
system GOM Atos Core 300. This measuring is based on the projecting fringes of varying 
width and observing their displacement [7, 8, 9]. Results in Fig. 1 show reasonable accuracy 
with deviations up to 0.3 mm from the planed geometry. One of the limitation of the 3D 
scanning technology is the problematic scanning of details inside voids [8]; therefore, we are 
not able to check the quality of the ribs in the middle of the nozzle length. However, at the 
outlet, they are scanned well. The systematic error of printing lies in the sharpness of the 
edges, which display radius around half millimeter (see Fig. 1 right), although they was 
planned to be sharp. The nozzle diameter was smaller by 0.08 mm (i.e. 0.16 %) than the 
planned one. The rib thickness is larger by 7 %. On the other hand, the circularity of 
cylindrical surfaces is very good (see Fig. 1 left panel). 

 

The flow in the jet produced by the described nozzles is measured by using Stereo PIV 
method [10]. In the fluid, there are small droplets of diameter around 1 μm, thus the inertial 
(volume) forces are much smaller than the viscous (surface) forces affecting trajectories of 

Fig. 1. The result of optical 3D scanning of the nozzle modification (c) with 12 ribs. Left panel shows 
the deviation from ideal geometry represented by the CAD (computer-aided design) model used for 
the 3D printing. Right panel shows the section at the exit (0.5 mm from it in order to avoid noise) 
with denoted actual dimensions. In a case of ideal 3D printer, the corner roundings should have 
diameter 0, the rib (bump) thickness might be exactly 1 mm, the main cylinder diameter D should be 
50.0 mm and inner diameter might be 45.0 mm (D – 2× rib height). 
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such a small particles and therefore their movement can be interpreted as the movement of 
the fluid around them [10]. Double-pulse solid-state laser defocused via cylindrical lenses 
into a sheet illuminates these particles. The illuminated area is normal to the jet direction; it 
lies 50 mm, i.e. 1D past the nozzle outlet. Particles in this area are observed by pair of cameras 
from two directions rotated by 45° against the jet direction. The position of observed plane 
is displayed in Fig.1 top. We use commercial the Stereo PIV system from the company 
Dantec, whose software Dantec Dynamic Studio is used for operating the equipment and for 
processing the data in terms of converting the pairs of double-snapshots gray-scale 
photographs into single 3D velocity vector fields; the details can be found elsewhere [10, 11]. 
The air velocity is 62.7 m/s corresponding to diameter-based Reynolds number 2.22·105. 

3 Results 

The studied area covers partly the jet core, the shear layer and the surroundings as well. The 
ensemble average velocity fields for the three nozzles are displayed in Fig. 2 bottom. We see 
the jet core area with “table-top” in the right-hand side of the figures, in the middle, there is 
the bow of the shear layer, where the stream-wise velocity component perpendicular to the 
measured plane (denoted w in this paper) decreases. Due to the mass conservation, the 

Fig. 2. (Top) The relative position of the measured area to the modified nozzle. (Middle) example of 
few instantaneous velocity fields. (Bottom) Ensemble average of 628 snapshots. The in-plane velocity 
components are displayed as arrows (only every second vector is displayed). Stream-wise component 
(normal to the measured plane) is represented by the gray-scale. 
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direction of the flow deflects away from the jet axis, which is observable as increase in the 
magnitude of in-plane velocity components (denoted u and v). The ribs in the nozzle slightly 
affect the shape of the average velocity creating waves on the isotach at ½ uref. We see an 
imperfectness in the average velocity – a pair of stream-wise vortices in the jet core. The used 
wind tunnel is not fully completed yet, it has not the grids in the settlings chamber. We hope 
that for the future experiments, the chamber will be completed and these large-scale vortices 
will no longer perturb our measurements. 

The shear layer is home of the turbulence created firstly via the Kelvin-Helmholtz 
instability and later via reconnections of larger-scale vortices, vortex stretching and other 
mechanisms typical for turbulent flows. The energy source and entropy bath for this show is 
the velocity gradient between the jet core and the ambient. The turbulent motion appears 
chaotic for a first look [4], and its amount can be expressed in terms of the turbulent kinetic 
energy TKE 

  (1) 

where  means ensemble averaging, u, v and w are the fluctuating velocity components 

  (2) 

and other components analogically. This operation is known as Reynolds decomposition 
[12].  
The spatial distribution of TKE is in Fig. 3 and Fig. 4 displays its development along the 
horizontal axis depicted in the spatial maps. Here we finally come to the effect mentioned in 
the title – roughening the nozzle surface leads to decrease in turbulent kinetic energy in the 
near shear layer. Therefore one can estimate the decrease in the turbulent transport of 
momentum and thus to better stability of the jet in later stages. (Although this is only 
assumption, we did not measure it yet.) 

Fig. 3. Spatial distribution of turbulent kinetic energy TKE past three nozzle variants. 

Fig. 4. Radial profile of the ensemble-average stream-wise velocity w (left) and Turbulent kinetic 
energy (right) along the x-axis depicted in other figures. 
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4 Discussion 
We venture to explain this phenomenon by the presence of secondary flows [13] along the 
ribs [14, 15]. This secondary flow takes the form of longitudinal vortices [16, 17, 18], which, 
although are weak and disturbed by the surrounding turbulence, can prevent or, at least, delay 
the development of large-scale toroidal vortices of Kelvin-Helmholtz instability. The 
presence of stream-wise vortices past the ribs may appear in the averaged vorticity field even 
in higher distances from the nozzle, see Fig. 5. However, the in-plane fluctuations of the 
entire jet blur them in the ensemble-averaged data disturbed by experimental noise.  

The vorticity ω displayed in gray-scale in Fig. 5 is calculated as the rotation of two-
dimensional velocity field 

  (3) 

which is calculated on grid with spatial resolution Δx and Δy by using simple symmetrical 
differential scheme [18] 

  (3b) 

Thus, it is only the z-component of vorticity as we do not know the velocity gradients in z-
direction. 

Although the instantaneous velocity fields display turbulent behaviour at the shear layer, 
the presence of regular weak stream-wise vortices leads to smaller length-scale of turbulence 
there [2]. The autocorrelation function Rww is widely used in flow research [19]. It represents 
somehow the “memory” of the system, i.e. a statistical connection of events separated by 
distance Δr  
 

  (4) 

Fig. 6 shows the correlation function of stream-wise velocity component w. The localization 
of reference point x has been chosen in four different locations: (1) in the surroundings near 
the shear layer; (2) in the center of shear layer; (3) at the beginning of shear layer (from the 
core) and (4) in the jet core axis. The case (2) is shown in Fig. 6 for all possible Δr displaying 
the shape of correlation spot as well. Fig. 7 displays the comparison of the correlation 
function Rww along the vertical lines depicted in both figures.  

Fig. 5. The ensemble average of in-plane vorticity component (other vorticity components are not 
calculable as we do not know the gradients in stream-wise direction). 
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The autocorrelation function Rww clearly displays that the fluctuations in the smooth case (a) 
are more spacious. This effect is stronger inside the shear layer, while in the jet core (4) and 
ambient (1) their spatial size is comparable. 

5 Conclusion 
We have observed that adding the ribs into the nozzle decreases the turbulent kinetic energy 
in the shear layer in the distance of 1 diameter past the nozzle exit. We suggest explanation, 
that the secondary corner vortices formed along the ribs may stabilize the shear layer against 
the large-scale vortices formed via the Kelvin-Helmholtz instability. Therefore, the 
fluctuations are slightly smaller in spatial terms. 

There remain many questions to answer in the future: e.g., what happens later? Will the 
stabilization effect continue or not? In addition, what happens, when we twist the ribs? The 
swirling jets generally opens faster due to centrifugal forces [20, 21].  
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