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SUMMARY  

This is a preliminary study to an ongoing experimental and theoretical study of ambient 

entrainment of room air into axisymmetric free jets. The study herein aims to understanding 

characteristic behaviour of free jets, especially in low mixing ventilation technologies in order 

to get the best of such applications. In this paper, we explore the interaction of a free jet and 

its ambient, the effect on jet development, characteristics and behaviour at different Reynold 

numbers. Measurements were done with Particle Image Velocimetry (PIV) under isothermal 

conditions. As shown, at lower Reynolds numbers the jet is mostly laminar but is unstable 

consequently shortening the penetration distance into the ambient. As the Reynolds numbers 

increase the instability reduces and the penetration distance increases, but entrainment 

increases as vortices are generated closer to the nozzle exit. The current study suggests that’s 

further investigation is needed to define limits within which low and high mixing can be 

achieved with free jets, as this will have practical implications on optimization and 

implementation of free jets. 
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1 INTRODUCTION 

 

A jet, defined as the discharge of fluid from an opening into a larger body of the same or 

similar fluid (Etheridge and Sandberg, 1996), has important roles in many engineering 

applications. Of interest in this study, is in ventilation applications. The common application 

being in mixing ventilation were supply velocities are fairly high resulting in turbulent jets. 

Other applications require low mixing of supply and room ambient air to increase delivery of 

conditioned air at the breathing points like in personalized ventilation systems (Melikov, 

2011).  

 



The interaction between a supply jet and the surrounding ambient conditions play an 

important role both on the intended purpose of the jet and jet development characteristics. 

This interaction determines the rate of ambient entrainment into the jet, which consequently 

influences the decay of the axial velocity and the jets outward spread downstream. Depending 

on supply conditions, the interaction will also affect the jet development with regard to 

vorticity separation and roll up into vortices, vortex pairing, free turbulence evolution and 

viscous/inviscid interactions (Todde et al., 2009). This would define jet development 

characteristics, (See Figure 1A for expected topology of an unconfined jet) and exit conditions 

that are suitable or useful for low or high mixing ventilation applications. 

 

The current study is a preliminary to an ongoing investigation of ambient entrainment into an 

unconfined axisymmetric free jet in a room. Herein, we investigate the influence of 

entrainment on the velocity characteristics downstream, centerline turbulence intensity and the 

jet behavior in relation to a round jet at low Reynolds numbers.  

 

 
 

Figure 1: (A) Expected topology of the jet (B) Experimental setup 

 

2 MATERIALS/METHODS  

 

In this work, a specially designed nozzle (diameter, D = 25 mm) was used. The nozzle of a 

5th polynomial, similar the ones used by Todde et al., (1998, 2009), with the exit section 

coinciding with the point where the tangent is parallel to the nozzle axis. Four Reynolds 

numbers were investigated: 1520, 2000, 2500 and 3400. The Reynolds numbers were scaled 

with a constant kinematic viscosity of 14.8 x 10-6 m2/s and the mean nominal exit velocities 

of 0.90, 1.18, 1.48 and 2.01 m/s respectively.  

 

In order to be able to conduct high-quality PIV visualization, the measurements were 

performed under isothermal conditions in a room with dimensions of 3(w) × 2.5(h) × 4.2(l) 

m3, See Figure 1B. The jet nozzle was ceiling mounted and installed in the middle of the 

room. The presence of the closed room together with air re-circulation made it possible to 

achieve a well-distributed global seeding, a prerequisite for high-quality PIV measurements. 

To obtain the flow velocity field, a 15-Hz New Wave Solo PIV 50-mJ double-pulsed 

Nd:YAG laser operating at 6 Hz as a light source, as well as a double-frame, high-sensitivity 

12-bit CCD camera HiSense MKII with a resolution of 1344 × 1024 pixels were used as PIV 



system. An AF Micro Nikkor objective with a focal length of 60 mm was mounted on the 

CCD camera. To get high-quality PIV images, decent global seeding is needed. For this 

purpose, a SAFEX FOG 2001 smoke generator with “Normal power mix” as fog generating 

liquid was used and gave satisfactory measurement results. 

 

3 RESULTS AND DISCUSSION 

 

Figure 2 shows the cross-sectional development of the jet at different Reynolds numbers and 

points downstream. In all cases, the nozzle exit, otherwise depicted as ‘Exit’ in Figures 2 and 

3, is 12.4 mm from the nozzle outlet.  As shown, the exit velocity had a fully developed top-

hat velocity profile with the exception of a case with a Reynolds number (Re) equal to 1520 

(Fig.2A), which may be due to instabilities of the jet or ambient conditions. The top hat 

profile is an indication of core region, in which case its distortion is representative of ambient 

entrainment. Considering Re => 2000 (Fig.2B), we see that at the streamwise distance of 

about 3-4D, the top-hat profile is lost. We can distinguish a general trend that the potential 

core region diminishes between 3 and 4D. This suggests that beyond 4D the jet airflow 

becomes turbulent.   

 

 
 

Figure 2: Cross sectional profiles of mean velocities at different Reynolds numbers (Re)  

 

Statistical analysis of the standard deviation of the mean velocity (V) shows a similar flat 

profile at the nozzle exit. The profile is U-shaped with peaks occurring around the points 

stemming from the nozzle lips, indicating the existence of a shear layer or vorticity layer at 

the nozzle exit. We see (Fig. 3) that increase in streamwise distance diminishes the flat profile 

(potential core) and this occurs faster as the Reynolds number increases. For example, when 

Re = 2000 (Fig. 3B) the flat profile is observable at 2D and slightly at 3D, suggesting a 

laminar flow. The observed imperfections (unexplained peaks) can be ignored as they are 

expected in real cases. However, When Re = 2500 this profile is lost within 2D and at Re = 

3400 it begins to diminish at 1D. This suggests that increase in Reynolds number increases 

turbulence close to the nozzle exit, increasing entrainment into the jet and consequently 

reduces the potential core length.   



 
 

Figure 3: Cross sectional profiles of Standard deviation of mean air velocity [Std dev (V)] up 

to 5D downstream.   

  

Further analysis of the jet development at the centerline with regard to normalized 

dimensionless velocity and turbulence intensity is shown in Figure 4. The Normalized 

dimensionless velocity [V/V(0)] is the ratio of mean velocity downstream and the nozzle 

outlet velocity in the jets centerline.  Observing Fig. 4A, we see that at low Reynolds numbers 

(Re = 2000) velocity decay is mostly slow and constant for about 3D, and a sharp descent 

occurs after about 4D. In a case with Re = 3400, a sharp descent is observed immediately after 

exit and within 2D the velocity drops by as much as 5%, after which it stays constant for 

about 0.5D and resumes a sharp decay. In all cases, except Re = 1520, at about 4.75D all 

velocities collapse into a single decay curve. This is also verified in Fig. 4B, which shows that 

turbulence increases close to the nozzle with an increase in the Reynolds number, and that 

about 4.75D the turbulence is almost uniform.   

 

 
 

Figure 4: (A) Normalized dimensionless velocity decay. (B) Turbulence intensity (TI) at the 

jet centerline 



A streamline qualitative analysis is shown in Figure 5, and as seen jet development differs 

with regard to Reynolds numbers. As the Reynolds number increase, the formation of vortices 

draws closer to the nozzle exit. Also, beyond 5D the flow is mostly turbulent and with Re => 

2500, vortex breakdown is observed. Smoke visualization of jets shown in Figure 6 illustrates 

the challenge of supply with free jets for low mixing requirements. Visualizations of the jet, 

which included Reynolds numbers as low as 500 and 1000, show jet instability at low 

Reynolds numbers, highly noticeable at Re = 500 . This affects the penetration distance as the 

jet dances around.  

 

 
 

Figure 5: Streamline analysis of jet development at different Reynolds numbers (Re) 

 

The results herein are in agreement with Todde et al., (2009) that at low Reynolds numbers 

(Re < 2000) the flow is essentially laminar which may be desirable for low mixing 

applications, however the jet is unstable. The instability is due to a weak flow force (Fpf); Fpf 

= ρV(0)2A, where ρ is the density of air, and A is the area of the nozzle outlet, which 



consequently influences the jets penetration distance (length of the jet up to a where it 

dissolves into the ambient). At Re => 2000, the jet is more stable which is desirable and 

effective for a longer penetration distance but has an increase in turbulence dissipation which 

may be challenging for low mixing applications. The results obtained at Re = 1520 was 

unexpected and we speculate that it could be due to instabilities either in the jet development 

or ambient conditions during measurements, thus these results have not been used to draw any 

conclusions herein. Measurements and analysis at Re = 1520, will be reassessed in future 

investigations.  

 

 
 

Figure 2: Jet development at different Reynolds numbers 

 

5 CONCLUSIONS 

 

The works herein indicate that a better understanding of jet characteristics in ventilation 

applications is needed, especially in cases were low mixing is desired. As this is a preliminary 

overview of an ongoing investigation, it shows that jet evolution and ambient entrainment 

may limit applications of round jets in low mixing ventilation systems. Henceforth, further 

studies are recommended to help understand the limits within which we can deliver either low 

or high mixing conditions. 
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