
1. Abstract
It is well established experimentally that as the Reynolds number increases the core of the jet diminishes and has smaller 
effects on the jet’s mean profiles (e.g. concentration, temperature, velocity). The scope of this project is to examine this 
relationship based on dimensional analysis and experimental data. For that, spatio-temporal concentration records are 
obtained on the plane of symmetry of heated vertical round jets (for a laboratory turbulent scale at the order of mm) using 
tracer concentration measurements via a planar laser induced fluorescence technique (PLIF). The investigation area is set 
close to the nozzle of the jets (up to 10 jet diameters away), at the zone of flow establishment (ZFE), so as to determine the 
geometric characteristics (dimensions and shape) of the core as a function of the initial velocity and nozzle diameter. The ZFE 
is estimated through the absence of turbulent intensity fluctuations (assuming a threshold value of 1% of the maximum 
intensity).

2. Introduction
The jets are widely used in several engineering fields mainly for wastewater/salt disposal, 
gaseous releases etc. Using engineering terms, investigation of the zone of flow establishment 
(ZFE) “seems both futile and unnecessary in view of its limited extent” (Jirka, 2004). 
Nevertheless, in scientific terms, is of high importance as it includes the shear layer and transition 
to turbulence. The ZFE is defined as the area within the shear layer developed at the edge of a jet 
and is known to have a ‘conical’ shape, because of the shear layer dispersion towards the jet axis 
at the advancing of the jet (Chen & Nikitopoulos, 1979) . The limit of that dispersion is the axis of 
symmetry and its distance from the nozzle is considered as the ZFE length (xe), which is affected 
by flow instability and thus it is difficult to define. It is generally observed that as the Reynolds 
number increases, distance xe decreases. A literature survey is done along with some 
measurements of xe in time and space via PLIF visualization to verify this view. Specifically, three 

locations are recorded that are based on the time-averaged (TAV) and root-mean-squared (RMS) 
images of rhodamine 6G concentration C. The first at the point where the TAV  of C at the jet-axis 
starts to decay (xe,m), the second where the RMS of C takes values above a threshold (xe,smin), and  
the third where the normalized RMS of C (xe,smax) is maximum.

3c. Literature survey (approximated equations)
• Lee & Jirka (1981) have given a solution of Xe as a function of F0 for a stagnant uniform 

waterbody of large horizontal extent. Xe increases rapidly from zero for F0�0, to an 
asymptotic value of 5.74 for Fo greater than 25. This is somewhat smaller than the value of 6.2 
determined by Anderson et al. (1950).
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• According to Jirka (2004) the ZFE length is measured from a linear spread of the shear layer 
and estimated about 6.2 D, based on velocity profiles, or about 5D, based on scalar profiles, 
due to the typical dispersion ratio, λ > 1 . This fundamental result is generalized for cross-
flow effects using the empirical approach of Schatzmann (1978), and for buoyancy effects 
through model formulation by Lee & Jirka (1981). They suggest
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3b. Literature survey (approximated equations)
• Abramovich (1963) states that for a jet of an incompressible fluid in a co-flowing (V ua, the 

cross flow ambient velocity) external stream, the ZFE length is given by the equation : 
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• Pratte & Baines (1967) report that xe of a jet released from a tube perpendicular to a cross flow 
approaches the potential core length for a turbulent free jet with no cross flow, as the ratio of 
the jet velocity to the cross-flow velocity (V/ua) becomes large. Although xe is also a function 
of the Reynolds number (in the tube), Reynolds number dependence is less important for 
large release momentum. Pratte and Baines (largest Reynolds number-vertically directed jet) 
data are correlated as: 
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• Chen & Nikitopoulos (1979) present some data for xe, derived from a differential model, as a 
function of the densimetric Froude number (Fo), for a plume discharging vertically into a 
stagnant ambient. Henderson-Sellers (1983) suggest the following empirical fit to these data:
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5. Calibration
The initial fluorescence light intensity Io can be assumed to be proportional to the R6G initial 
concentration Co for values less than 50 μg/l (Ferrier et al., 1993). A decrease in power and light 
intensity occurs as the laser beam enters the water tank and travels through the dyed jet. For this 
range of concentrations and over a small path length (of order of 1 cm), the power attenuation 
can be assumed to be negligible (Walker, 1987). Thus, only the light intensity attenuation factor is 
taken into account and the raw data are modified according to Walker (1987) formula :
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 is the distance the laser beam travels through water (from pixel -1 to ),

 and  are the laser beam attenuation coefficients through water and R6G, repsectively.

Figure 3: Light intensity attenuation factor, where εΙ is the 
slope (3.1 10-5) and ηΙw the intercept (4.7 10-4) of the trendline.

� Measurements within an adequate range (1-60 
μg/l) of concentration intensities (fully mixed 
into the water tank) are made in order to 
determine the attenuation coefficients εΙ and 
ηΙw (as shown in figure 3).

� The red intensity of the RGB color format and 
a shutter speed (SS) of 50 msec are chosen as 
the optima, based on image resolution and 
data quality criteria.

� The image scale Sc and lens’ distortion (pixel 
size variation along height) are estimated from 
a ruler placed on the nozzle. The average value 
of Sc is considered as it only varies ≈2%.
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9. Conclusions
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• The present measurements of the ZFE are quite different than those proposed in earlier studies.
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