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Abstract 

This thesis examines the effects of spatial location, Reynolds number and near exit flow 

modification on the development region of a round, free, turbulent jet. It is based on the 

publications generated by the author. 

The experiments were carried out over the range of Reynolds numbers between 10000 < ReD < 

50000, where ReD is calculated based on the jet exit mean velocity and the nozzle exit diameter. 

The measurements were performed in the near- to intermediate-field region of a free jet defined 

between 0 ≤ x/D ≤ 30. In order to control the flow near the exit, two wire rings, with square cross-

sections, of sides h = 1.5 mm, and outer diameter Dwire = 71.6 mm (positioned in the shear layer 

and called Rsl) and Dwire = 60 mm (positioned in the potential core and called Rpc) were placed at a 

stand-off distance downstream of the jet nozzle exit plane x/D = 0.03. Both stationary and flying 

hot wires were used to investigate the jet flow field. The results showed a considerable reduction 

in the jet spread rate and turbulence intensity using the passive rings. The reduction in the 

velocity decay rate was more obvious in the case of Rsl in lower Re; however, it was observed 

that as Re increases, the velocity decay rate became nearly the same for both cases of Rsl and Rpc. 

The axial velocity spectra showed the initial shear layer instability (shear layer mode) was 

suppressed while the jet preferred instability (preferred mode) remained active as the shear layer 

and potential core were modified. This shows the separation of these modes and is at variance 

with ideas that appeared in the literature that claimed the dependency of these two modes.   

In addition, the effects of Taylor Reynolds number, Reλ, and both axial and radial locations on 

the scaling-range exponents of the local isotropic turbulence were studied. The present results 

demonstrated considerable departure from an exponent value of m = -5/3 along the jet centreline 

(e.g., -1.55 ≤ m ≤ -1.43), which confirms earlier findings of others that this change is Re 

dependent. However, farther away from the centreline, the power-law exponent data showed a 

considerable decrease and the exponent reached a value of m = -5/3 around r/r1/2 = 0.33 (i.e., a 

radial position across the jet where the local mean velocity is around one third of the jet centreline 

mean velocity). This observation suggests that it is the local Reλ that also controls what value of 

m since Reλ decreases with radial position, r. It is argued that the effect of the large-scale 

intermittency and mean strain rate are also important on the scaling-range exponents in a 

turbulent jet, which confirm earlier works presented by others. 
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Chapter 1 

Introduction 

A free jet occurs when a fluid is discharged from a nozzle or orifice into another quiescent 

medium. It is often found the jet becomes completely turbulent at a short distance from the exit. 

The emerging jet becomes partly mixed with the ambient fluid at rest. Particles of fluid from the 

surroundings are carried away by the jet so that the mass flow increases in a downstream 

direction. Concurrently the jet spreads out and its velocity decreases but the total momentum 

remains constant. A comprehensive accounts of the problems encountered in the study of free jets 

was first given by Pai (1954).  

The flow geometry of a free jet is shown in fig. 1, Fellouah et al. (2009). From the nozzle, with 

outlet diameter D flows a Newtonian fluid with characteristic velocity Uj. The centerline velocity 

is Uc. A commonly used characteristic length, the jet half-radius r1/2 is determined by U(r1/2) = 

Uc/2. The local time-averaged diameter of the jet is denoted δ and called later the outer scale.  

Fellouah et al. (2009) noted that “There are three different regions that can be defined in the 

axisymmetric round jet: the near-field, the intermediate-field and the far-field. The near-field 

region (often referred to as that region that contains the potential core) is where the flow 

characteristics match those of the nozzle-exit, and is usually found within 0 ≤ x/D ≤ 6, 

Fiedler (1998). The far-field region, located at approximately x/D ≤ 30, Fiedler (1998), is the 

fully-developed or self-similar region. The intermediate-field region lies between the near- and 

far-fields of the jet. The near- and intermediate-fields (NIF) together comprise the development 

portion of the jet”. 
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In the radial direction, another three regions are readily identified: the centreline region, the shear 

layer and the outer layer. The centreline region is where the axial mean velocity is a maximum. 

In the near and intermediate regions, the turbulence evolves to eventually reach equilibrium as the 

flow enters the far-field. In the shear layer vortex cores will form, evolve and pair-up to form 

large eddies because of the large velocity gradient in the radial direction. There is evidence that 

the vortex cores are inter-linked with longitudinal, or axial, vorticity, referred to as “braids”, see, 

for example, McIlwain and Pollard (2002). These large eddies break down and form smaller and 

smaller eddies, and the turbulence structures decrease in scale (time and space). Throughout this 

process, energy is transferred from the large-scale structures to the smaller scales. The velocities 

in the outer layer are typically ∼10% of Uc and of course rapidly fall to the free stream value as 

r → ∞. 

 

 

  

 

 

 

 

 

Fig. 1. Schematic of the round free jet and coordinate system. Taken from Fellouah et al. (2009). 
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The effect of the initial conditions on the downstream development of a jet flow is significant. 

The initial conditions of a jet are conventionally defined to be the exit Reynolds number, nature 

of exit profiles of mean velocity and turbulence intensity, nozzle-exit geometric profiles, and 

aspect ratio. The downstream development of a jet is also dependent on the nozzle exit 

conditions, e.g., the presence or absence of a screen or ring enclosure around the jet flow. 

Moreover, some recent attention has moved to the near-exit flow field to study the effects of 

mixing due to large-scale vortical structures.  

The publications on jet flows seem to agree that if the Reynolds number at the jet exit is greater 

than a few thousand, the radial spread of the mean velocity field and the decay of the mean 

centerline velocity in the downstream direction are independent of Reynolds number.  Further, if 

Reynolds number is less than 30, the jet is laminar, normally called "dissipated laminar jet". For 

Reynolds number greater than 500, the jet has a laminar length after which it becomes turbulent. 

This laminar length decreases with increasing Reynolds number. However, for Reynolds number 

greater than about 2000, the jet becomes turbulent very close to the exit. From the review, there 

appears to be numerous studies available on the influence of Reynolds number on jet flows and/or 

on the low-Reynolds number jets (Abdel-Rahman (2000)). Studies on the influence of exit 

velocity profiles on the jet flow are also there in a few reported works. The geometry of the jet 

exit (orifice plate, profiled nozzle, or a pipe) has received the attention of a few research 

investigations with the objective of exploring the effect of such geometry on the jet behavior and 

development. The boundary conditions of the jet exit have, as well, received a good deal of 

attention from the research community, with the aim of studying their influence on the jet 

development and large scale structures near the jet exit. In the present work, the effect of passive 

rings placed near the exit is considered, Fig. 2.  
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(a) No ring 

 

                       (b) Ring placed in the potential core               (c) Ring placed in the shear layer 

 

Fig. 2. Views of the exit nozzle and passive rings placed in the potential core and shear layer 
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Turbulent jet flows, similar to other type of turbulent flows, are characterized by vortices ranging 

in size from the integral length scale down to the Kolmogorov scale (Kolmogorov hypotheses in 

1941). The two ends of the range of vortex scales are associated with different properties. For 

example, large-scale vortices account for most of the turbulent energy, while the small scales 

carry almost the entire vorticity. Even for a given vortex size, the range of their associated 

properties is expected to be large. These notions have proved extremely useful in understanding 

the nature of turbulence. The modern view of turbulence is that a multi-length scale phenomenon; 

could never be scaled by a single length scale. A proposal based on the relative magnitude of 

dimensional spatial scales is offered in Dimotakis (2000) to explain the mixing transition. Starting 

with the theory presented in Kolmogorov (1941a and b), Dimotakis (2000) linked in the 

developed region of the jet the local time-averaged diameter, δ, to a variety of other length scales: 

the Kolmogorov length scale and the viscous length scale, which is the lower boundary of the 

inertial sub-range. Dimotakis (2000) argued that a necessary condition for fully developed 

turbulence and the Kolmogorov inertial-range similarity ideas to begin to apply is the existence of 

a range of scales that are uncoupled from the large scales, on the one hand, and free from the 

effects of viscosity, on the other. Considering that, this requires a minimum Reynolds number of 

the order of 104 or a Taylor Reynolds number of 102.  

In the following section, the available important literature is reviewed with the objective of 

highlighting the effects initial conditions and flow control have on the jet behavior and turbulence 

length scales. 
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Chapter 2 

Literature Review 

2.1  Review of Turbulent Free Jets 

The majority of research on the turbulent jet may be categorized in three different ways; first is 

the study of the jet flow structure, particularly in the far, self similar region. Second is the study 

of the influence of the flow at the vicinity of jet origin (commonly termed initial conditions), 

particularly in the near- and intermediate-fields. The last is the control of large structures 

especially in the near field.  

The far-field of the jet has been extensively studied by Wygnanski and Fiedler (1969), George 

(1989), Dowling and Dimitakos (1990), Richards and Pitts (1993), Panchapakesan and Lumley 

(1993), Hussein et al (1994), Uddin and Pollard (2007).  In spite of the large number of studies 

that focus on the far-field, there are conflicting results regarding universal self similarity. 

Dowling and Dimotakis (1990), Richards and Pitts (1993) and Antonia and Zhao (2001) support 

the hypothesis of universal self-similarity. They showed that the self similar-region is 

independent of the initial conditions. In other words, the spread rates of all jets are universal and 

the asymptotic normalized scalar and velocity fields of all jets are identical, regardless of jet 

initial conditions. Other studies claim that the self-similar region is not universal, but depend on 

the initial conditions, especially George (1989). In contrast to the classical treatment of Hinze 

(1975), in a theoretical analysis it is suggested by George (1989) that turbulent flows can become 

asymptotic to a variety of self similar states that are determined by initial conditions.  
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The near and intermediate fields of the jet play important roles in practical applications of 

turbulent jets so that the ability to control the flow development in this region could have an 

important impact on many engineering applications.  

Recently, Fellouah et al. (2009) and Fellouah and Pollard (2009) investigated the effect of 

Reynolds number on the near- and intermediate- fields region of a round nozzle jet using flying 

and stationary hot wire measurements. Their studies considered the effect of initial conditions on 

the development region of a turbulent round free jet over the range of 6000 ≤ Re ≤ 100000 and 

showed a close decoupling between mean velocity distribution and turbulence intensities and the 

Reynolds shear stress. They also identified mixing transition through the emergence of an inertial 

sub-range based upon compensated axial velocity spectra. It is well known that inlet conditions 

and the exit geometry affect higher order statistics in a round jet, see for example Hussain (1986), 

Ho and Gutmark (1987), George (1989), Xu and Antonia (2002), Uddin and Pollard (2007), 

Quinn (2006) and Mi et al. (2001). 

From another perspective, the near field development of a round jet is strongly characterized by a 

regular vortex structure (organized transitional flow), which results from the initial instability 

(e.g., Crow and Champagne (1971), Yule (1978), Hussein and Zaman (1980)). This structure is 

then amplified and is subsequently rolled up to form large eddies (please see Yule (1978), Popiel 

and Trass (1991). These large eddies are unstable and beak down to form smaller structures. 

Therefore, the control of the fluid in NIF regions with different method of changing the initial 

mean profile (passive methods) or excitation at a particular frequency (active methods) has been 

the subject of a few studies which the common objective of effective control strategies was to 

target the large scale coherent structures.  
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2.2 Review of Local Isotropy Scaling-Ranges 

Richardson's notion of turbulence was that a turbulent flow is composed by “eddies” of different 

sizes. The eddies in the largest size range are characterized by a length scale which is comparable 

to the flow scale. The large eddies are unstable and eventually break up originating smaller 

eddies, and the kinetic energy of the initial large eddy is divided into the smaller eddies that 

stemmed from it. These smaller eddies undergo the same process, giving rise to even smaller 

eddies which inherit the energy of their predecessor eddy, and so on. In this way, the energy is 

passed down from the large scales of the motion to smaller scales until reaching a sufficiently 

small length scale such that the viscosity of the fluid can effectively dissipate the kinetic energy 

into internal energy. 

Kolmogorov in 1941 postulated “at sufficiently high Reynolds number, the small scale turbulent 

motions are statistically isotropic”. Kolmogorov's idea was that in the Richardson's energy 

cascade this geometrical and directional information is lost, while the scale is reduced, so that the 

statistics of the small scales has a universal character: they are the same for all turbulent flows 

when the Reynolds number is sufficiently high. Thus, Kolmogorov introduced a second 

hypothesis: “for very high Reynolds numbers the statistics of small scales are universally and 

uniquely determined by the viscosity and the rate of energy dissipation”.  

A turbulent flow is characterized by a hierarchy of scales through which the energy cascade takes 

place. Dissipation of kinetic energy takes place at scales of the order of Kolmogorov length η, 

while the input of energy into the cascade comes from the decay of the large scales, of order L. 

These two scales at the extremes of the cascade can differ by several orders of magnitude at high 

Reynolds numbers. In between there is a range of scales (each one with its own characteristic 

length r) that has formed at the expense of the energy of the large ones. These scales are very 
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large compared with the Kolmogorov length, but still very small compared with the large scale of 

the flow. Since eddies in this range are much larger than the dissipative eddies that exist at 

Kolmogorov scales, kinetic energy is essentially not dissipated in this range, and it is merely 

transferred to smaller scales until viscous effects become important as the order of the 

Kolmogorov scale is approached. Within this range inertial effects are still much larger than 

viscous effects, and it is possible to assume that viscosity does not play a role in their internal 

dynamics (for this reason this range is called “inertial range”). 

Hence, a third hypothesis of Kolmogorov was that “at very high Reynolds number the statistics of 

scales in the range η << r << L are universally and uniquely determined by the scale r and the rate 

of energy dissipation”. 

As mentioned, Kolmogorov’s hypothesis for local isotropy states that at a sufficiently high 

Reynolds number the small-scale structures of turbulent motions are statistically isotropic and 

independent of the large scale structures and mean deformation rate. The inertial sub-range 

separates the low-wave number region from the viscous dissipating high-wave number region of 

the spectrum. In the inertial sub-range, where by definition the viscous effects are small, the three 

dimensional spectrum is [Kolmogorov (1941) and Obukhov (1941), hereafter refer to as K41]: 

 

  (1) 

where C is the Kolmogorov constant (C≈1.5), ε is dissipation rate and k is the wave number.  

However, for some time, there has been evidence presented that suggests departure from eq. (1). 

There have been modifications of the original ideas of K41 some by Kolmogorov (1962)  

In spite of the modifications by Kolmogorov (1962), and apart from recent questions about 

universality, for more than 60 years this theory has been widely discussed and more or less 

E(k)  C 2/3k5/3
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accepted (e.g., Obukhov (1949), Corrsin (1951), Batchelor (1956), Monin and Yalgom (1971), 

Champagne (1978), Mestayer  (1982), Saddoughi and Veravalli (1994), Sreenvisan (1995) ). An 

often overlooked assumption in Kolmogorov’s theory, however, is the necessity of “a sufficiently 

large Reynolds number” before the assumptions can be expected to hold. This qualification is 

especially relevant since there are few spectral measurements which unequivocally show a k−5/3 

spectral range. And even those were made at very high Reynolds numbers, well above those for 

which the theory is commonly applied. Mydlarski and Warhaft (1996) proposed, based on their 

experimental measurements, that the exponent in the inertial sub-range for finite values of 

Reynolds number, say below the Taylor Reynolds number Reλ≈ 200, is close to the Kolmogorv 

value of -5/3 but not exactly -5/3. They claimed that a true -5/3 exponent does not occur until 

Reλ≈1000. Gamard and George (1999) tried to theoretically and experimentally justify Mydlarski 

and Warhaft’s conclusion by applying a near-asymptotic analysis to the spectral energy equation 

for the isotropic turbulence. They suggested that the spectrum should follow a power law km in 

the overlap region of isotropic turbulence, where the exponent, m= -5/3+μ, is Reynolds number 

dependent but goes to -5/3 in the limit of infinite Reynolds number, thus recovering in the limit of 

However, for some time, there has been evidence presented that suggests departure from eq. (1). 

Sreenivasan and Dhruva (1998) considered the effect of Reynolds number on the power law 

exponents and reported that μ increases with Reλ, approaching a value of about 0.32 (i.e., m= -

1.35) at Reλ ≈ 104. 

The aforementioned studies did not consider the effect of intermittency. Mi and Antonia (2001) 

considered the effect of large-scale intermittency and mean shear on scaling-range exponents in 

the far field of a turbulent jet. They specifically focused on the exponents associated with the 

second order structure function, auto correlations of dissipation rates and power spectra of both 
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longitudinal velocity fluctuation and passive temperature fluctuation. They showed that all 

exponents are to varying degrees influenced by both the intermittency and mean shear rate. As 

their results indicated m = -5/3 exponent at a low Taylor Reynolds number, Reλ, and found their 

results to be opposite to those found in the literature, and they noted that the influence of the 

intermittency and mean shear rate is significantly greater than that of Reλ.  
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Chapter 3 

Scope of Study 

3.1 Introduction 

Flow control, especially turbulence manipulation, has received significant attention over the past 

few decades because of the potential industrial and economic benefits. For example, turbulence 

suppression can play important role to provide jet-noise control or the control of emerging jet has 

application in mixing and combustion. The control of jet flows has been the focus of intense 

research investigations.  

This dissertation describes an application of the passive control rings to study the modified jet 

flow field. The flow field was examined from the exit to 25 diameters downstream of the jet exit.   

In addition, the current dissertation investigates the local-isotropy hypothesis scaling-range 

exponents in a jet flow by conducting a fresh experiment that covers several axial and radial 

distances. 

3.2 Outline of Studies 

It is known that the near field of a jet consists of two flow instability modes. The first one is the 

shear layer mode associated with a high frequency oscillation due to the roll-up of a shear layer 

separated from the nozzle lip. In other words, for an initially laminar free shear layer, the initial 

(Kelvin-Helmholtz) instability produces roll-up of the shear layer through nonlinear saturation. 

This structure scales on the characteristics thickness of shear layer (the exit momentum 

thickness). The other kind of instability is called the jet preferred mode. The origin of this type 

and its relation with the other type has been received different ideas. Hussein and Zaman (1980) 

commented that the preferred mode coherent structure characteristics are independent of whether 
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the initial shear layer is laminar or fully turbulent. They were able to select one type of instability 

at a time by means of control excitation and suggested the separation of the preferred mode and 

shear layer. However, Petersen and Samet (1988) claimed a different idea about the relationship 

of this mode with the shear layer mode. They argued that there is no distinction between shear 

layer mode and jet preferred mode. They claimed that the preferred mode is actually the shear 

layer mode that is most amplified by x/D = 4. This idea implies that the large structure known as 

the jet preferred mode is simply evolution of vortex pairing of the shear layer mode, which the 

passage frequency of that can be detected along the jet centreline.        

The current works investigates the near-lip shear layer mode and the preferred mode for both 

modified and unmodified jets to help resolve the contradiction noted in the literature on the 

relationship between these two modes In order to understand the structure of the modified and 

unmodified jets and two well known large structures in the near field, power spectrum of the 

fluctuating velocity are used.  

In addition, as described in the review of local isotropy scaling ranges, the literature studies were 

based on two different assumptions: the independent or combined effects of Reλ and intermittency 

on the wave number exponent. To best of our knowledge, this issue still remains as an open 

question. One of the objectives of this work, therefore, is to determine the value of power law 

exponents as a function of Reλ in the near to intermediate field of a turbulent round free jet. 
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Chapter 4 

Summary of Papers 

4.1 Paper 1  

This paper studied the effect of thin square rings placed inside the shear layer and near the 

edge of potential core on the round free jet behavior. Flying and stationary hot wire 

measurements were carried out to study the near- and intermediate-fields development of the 

jet. Three specific Reynolds number of Re (based on the jet exit mean velocity and the 

nozzle diameter) used in the present work were 10000, 30000 and 50000. The reduction in 

the jet spread rate and a small increase in the potential core region were found in the case of 

rings. The turbulence intensity is considerably suppressed in the near field. The radial 

velocity profiles revealed that the jet width decreased when the jet was modified. The spectra 

results showed that the weak vortex roll-up was altered when rings were employed. 

However, the stable vortex pairing of the shear layer mode completely disappeared for the 

with-ring cases and an earlier transition to fully developed turbulence was found. Once the 

shear layer was suppressed, the jet preferred mode remains active. It should be mentioned 

that the energy associated with the jet preferred mode frequency, which account for most of 

streamwise velocity rms value in the range of 1 ≤ x/D ≤ 3 and is related to the shear layer 

mode, is lower than for the modified jet although the frequency value of the jet preferred 

mode is nearly unchanged. However, with increased distance downstream, the energy of 

fluctuations shifts to nearly same content for all cases while the flow is fully turbulent in the 

shear layer. In addition, the thesis provides a comprehensive study of different length scales 

characteristics in the development region of the jet (e.g., integral scale, Taylor micro scale 
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and Kolmogorov scale) for both modified and unmodified jet. In the current experiment, the 

diameter (dw = 5 μm) and length (lw =1 mm) of hot wire were chosen so that the ratio 

of lw/dw (= 200) was sufficiently large to keep lw/η as small as possible. For x/D = 10-20 and 

Re = 10000-50000, the experimental values of lw/η were in the range of 1.5-12.6. Full paper 

can be found in chapter 5. 

4.2 Paper 2 

In this paper, the effects of Taylor Reynolds number, Reλ, and spatial location are considered 

and their impact are investigated on the scaling-range exponents of local isotropic 

turbulence, where the energy spectra in the inertial sub-range follows a k-5/3 power law. Hot 

wire measurements were taken over a range of Reynolds numbers 10000 < ReD < 50000. 

Velocity spectra along the jet centreline revealed that the power law exponents in the inertial 

sub-range are slightly greater than the famous m = -5/3. This was related to the finite value 

of Taylor Reynolds number. As Reynolds number increases, m decays to the lower values, 

but still remains far from m = -5/3 in the current experiments. The results show a very small 

decrease in the m with the axial positions along the jet centreline. In addition to jet 

centreline, some spectra analyses were preformed across the jet. It was found that as it is 

moved farther away from the centreline across the jet, the values of power law exponent 

decrease and m = -1.67 can be detected somewhere around r0.33 while a finite value of Taylor 

Reynolds number exists. Data available in this paper are clearly in opposite with those ideas 

who has suggested either the effect of Taylor Reynolds number or large scale intermittency 

alone can be responsible for the departure of m. Therefore, a combination of Reλ and 

intermittency was suggested as the criteria for the power law exponent variation. Full paper 

can be found in chapter 6.  
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Chapter 5 

Effect of passive control rings positioned in the shear layer and potential 

core of a turbulent round jet 

 

5.1 Abstract 

Experimental measurements were carried out to study the effect of flow modification near 

the jet exit on a turbulent round free jet. To achieve this, two different fine rings, with square 

cross-sections, were designed and placed very close to the jet exit (x/D=0.03). The first ring 

was placed in the middle of the shear layer while the second ring covered a small region of 

the potential core. Flying and stationary hot wire measurements were carried out to study the 

near- and intermediate-field development of the jet. Three Reynolds numbers (based on the 

jet exit mean velocity and the nozzle diameter) were used: 10000, 30000 and 50000. The 

results show a considerable reduction in the jet spread rate and turbulence intensity when the 

passive rings are employed. This is more obvious for the ring placed in the shear layer. The 

radial profiles of the mean and rms axial velocity and probability density function (PDF) at 

several axial positions are considered. The power density spectra reveal the suppression of 

the initial shear layer instability (shear layer mode) while the jet preferred instability 

(preferred mode) remains active as the shear layer is modified. In the case when potential 

core modifications are used, the suppression of the initial shear layer instability is still 

considerable although there is an evidence of another vortical structure behind the ring, 

which, it is speculated, is due to the vortex shedding behind the ring. In this case, too, the jet 

preferred instability remains active. Therefore, the current paper confirms the separation of 
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these two modes. In addition, the current study provides a comprehensive study of different 

length scales characteristics in the development region of the jet (e.g., integral scale, Taylor 

micro scale and Kolmogorov scale) for both the modified and unmodified jet.  

5.2 Introduction 

The majority of recent research on turbulent jets may be partitioned into three different 

approaches; first, is the study of the jet flow structure, particularly in the far, self similar region; 

second, is the study of the influence of the flow at the vicinity of jet origin (commonly termed 

initial conditions), particularly in the near- and intermediate-fields (NIF); and, finally, the control 

of large-scale structures that appear mostly in the near field. 

The near- and intermediate-fields of a jet play important roles in practical applications of 

turbulent jet and the ability to control the flow development in this region would have a vital 

impact on many engineering applications. 

Recently, Fellouah et al. [1] and Fellouah and Pollard [2] investigated the effect of Reynolds 

number on the NIF regions of a round nozzle jet using flying and stationary hot wire 

measurements. Their studies considered the effect of initial conditions on the development region 

of a turbulent round free jet over the range of 6000 ≤ Re ≤ 100000.Theyidentified mixing 

transition, see Dimotakis [3] through the emergence of an inertial sub-range based upon 

compensated axial velocity spectra and a decoupling between the mean velocity, turbulence 

intensities and the Reynolds shear stress distributions. It is well known that inlet conditions and 

the exit geometry affect higher order statistics in a round jet, see for example Ho and Gutmark 

[4], George [5], Zaman [6], Ferdman et al. [7], Xu and Antonia [8], Uddin and Pollard [9], Quinn 

[10] and Mi and Nathan [11].  
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From another perspective, the near field development of a round jet is strongly characterized by a 

regular vortex structure (organized transitional flow) that results from the initial instability (e.g., 

Crow and Champagne [12]; Yule [13]; Zaman and Hussein [14]). This structure is amplified and 

subsequently form large eddies, Yule [13]; Popiel and Trass [15]. These large eddies are unstable 

and break down to forms smaller structures. Therefore, the control of the fluid in the NIF regions 

that employs different methods to change the initial mean profile (passive methods) or excitation 

at a particular frequency (active methods) have been the subject of studies where the common 

objective was effective control strategies to influence the large scale coherent structures.  

Crow and Champagne [12] studied the effect of changing the initial conditions of a jet through 

controlled excitation of the boundary layer upstream of the nozzle in the plenum chamber and 

introduced the jet preferred mode as a global instability of the entire jet column in addition to the 

well-known shear layer mode. Hussain and Zaman [16] and Zaman and Hussain [17] employed 

controlled excitation to improve detection of coherent structures in the near field of a round jet. 

Using controlled excitation, they were able to diminish the turbulence level in the near field of 

different jets. They also found that while the preferred-mode coherent structures were 

independent of the nature of the initial shear layer (laminar or turbulent), the size and orientation 

of the structures were Reynolds number dependent. Petersen and Samet [18] investigated the 

instability of the preferred mode and demonstrated that there is no distinction between the shear 

layer mode and the preferred mode. This finding does not agree with the earlier work of Hussain 

and Zaman [16] who concluded that the jet preferred mode is coupled to the shear layer mode. 

Despite the significant systematic attention that has been paid to the study of the effect of initial 

conditions on the NIF regions by acoustic excitation, relatively little attention has been paid to the 

control of a round jet using passive methods. Tong and Warhaft [19] and Parker et al. [20] 



 

19 

 

studied the near- and intermediate-fields of circular jets using fine circular wires. They found a 

significant reduction in RMS axial velocity fluctuations and a shift in the virtual origin. Burattini 

and Djenidi [21] measured velocity and temperature distributions in around jet with and without 

the presence of a full-mesh grid that was placed at the jet exit. Both velocity and scalar 

measurements indicated that the flow evolves downstream more gradually when grids were 

employed. Also, they concluded that the coherent structures associated with the initial instability 

were reduced when the grids were present. Burattini et al. [22] examined the effect of different 

grids at the exit plane on the initial development of the jet. A decreased radial growth rate and an 

extended region of streamwise decay with a concomitant lengthening of the potential core was 

observed. 

The main objective of the present paper is to gain deeper insight into the effects of using a passive 

control device on the near-intermediate-fields of a round, turbulent jet through the introduction of 

single rings placed either in the jet shear layer or potential core regions. The current paper 

investigates the near-lip shear layer mode and the preferred mode for both modified and 

unmodified jets to help resolve the contradiction noted in the literature on the relationship 

between these two modes (Hussein and Zaman [16] and Petersen and Samet [18]). The effect of 

this flow modification on the turbulence length scale characteristics is also extensively 

investigated.  

The paper is laid out as follows. The next section describes the stationary and flying hot wire 

experimental apparatus and measurement methods. This is followed by presentation of the 

distributions of mean and rms axial velocity as functions of Reynolds number, axial distance from 

the nozzle as well radial distance from the jet centreline. The probability density functions, 
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skewness and flatness factors and the power spectra distributions of the axial velocity fluctuations 

are then presented and discussed with a focus on the shear layer and preferred mode instabilities. 

This is then followed by introduction and discussion of the integral, Taylor and Kolmogorov 

length scales evolution both along the jet centreline and across the jet. Finally conclusions are 

drawn and recommendations for future work are made. 

5.3 Experimental details 

The main part of the experimental setup described in the present paper is the same used in 

Fellouah et al. [1] and Fellouah and Pollard [2], to which readers are directed for additional 

details.  

Air exits a settling chamber via a round duct to the inlet of a smoothly contracting axisymmetric 

nozzle with exit diameter of D = 73.6 mm. Two wire rings, with square cross-sections, of sides h 

= 1.5 mm, and outer diameter Dwire = 71.6 mm and Dwire = 60mm were placed at a stand-off 

distance (to the ring leading edge) downstream of the jet nozzle exit plane x/D = 0.03. The rings 

were supported by three prongs (1.5 mm square, and length 2.2 mm) located at 120o intervals. 

These rings were designed to enable computational studies to be considered using simple 

cylindrical-polar co-ordinates.  

The mean and rms velocity profile at the jet exit were carefully measured. The stationary hot wire 

was used to measure the initial conditions extremely close to the nozzle exit, x/D=0.03, for two 

different Reynolds number of 10000 and 30000. The normalized axial mean velocity profiles are 

presented in Fig. 1. The exit mean velocity profiles are nearly uniform over the range of 0 ≤ r/D≤ 

0.45 and decrease to zero between 0.45 <r/D≤ 0.50 (inside the shear layer). It should be 
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mentioned that the first ring covers the distance of 0.466 ≤r/D≤ 0.486 (inside the shear layer) and 

the second ring covers the distance of 0.407 ≤r/D≤ 0.427 (in the core of the flow). 

Profiles of the rms velocity, u'/Uj are presented in Fig. 2. It can be seen that the axial turbulence 

intensity in the potential core of the flow is less than 1.13% and 0.72% for Re=10000 and 

Re=30000, respectively. The boundary layer characteristics for the unmodified jet at the exit are 

listed in table 1. Compared to the Blasius shape factor value of H=2.59 for the laminar flat-plate 

flow, the present results are slightly higher than the Blasius value and indicate that the boundary 

layer is close to laminar at the current Reynolds numbers.  

 

 

 

Fig. 1. Streamwise mean velocity at x/D=0.03 
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Fig. 2. RMS velocity at x/D =0.03 

 

 

Table 1 Nozzle Boundary layer statistics 

Uj(m/s)  Re δ* (mm) θ (mm) H 

2.13 

6.39 

10000

30000 

1.74

1.31 

0.53

0.44 

3.28 

2.97 

 

 

The flying hot wire velocity was of order 2 m/sec and had a ramp up and ramp down distance of 

approximately 3D with flying hot wire data acquired over approximately 19D. Approximately 

1100 “sweeps” through the domain (at r/R = 0) were acquired, which gave statistically converged 

ensemble averages of data throughout the interrogation volume (further details about flying hot 

wire can be found in Fellouah et al. [1]).  
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In the current experiment, a single Auspexhot wire made of tungsten wire 5 μm in diameter and 1 

mm in length was used. A constant temperature anemometer (Dantec Streamline®) was employed 

for the measurements. To avoid aerodynamic interference of the prongs on the hot wire, the probe 

was carefully mounted with the prongs oriented parallel to the jet’s axis. The probe was calibrated 

before and after each experimental run in the potential core of the jet, as its velocity field is 

uniform over the space occupied by the sensors and prong for a velocity calibration range of 1–26 

m/s. The calibration data were fitted using King’s law. The measurements were taken with 

asampling frequency of 30 kHz and a sampling time of 2 min. which was previously determined 

to provide statistically converged data at the farthest distance from the jet exit plane. The signals 

were low-pass filtered at a cutoff frequency of15 kHz to avoid aliasing. Control of the hot wire 

position and data acquisition was accomplished using the National Instruments data acquisition 

hardware and software (LABVIEW) [1, 2]. To obtain the maximum possible signal-to-noise ratio, 

the mean voltages were sampled and removed from the signals by mean of the offset and the 

remaining fluctuations were amplified by a factor of5 before they were sampled. 

Most detailed measurements were carried out at a Reynolds number of Re= 30000. However, a 

few additional data at different Reynolds numbers were obtained to investigate the effect of Re. 

Measurements extend downstream along the jet axis to x/D ≈ 25 and in the case of stationary hot 

wire in the spanwise direction from 0 ≤ r/D ≤ 6 depending upon axial location. 

5.4 Presentation and Discussion of Results 

Unless noted, those data presented are from the use of stationary hot wires (it should be noted that 

in the present work, flying hot wire (FHW) measurement were only carried at Re = 30000). Also, 

in order to prevent confusion, the ring, which was placed in the shear layer, is referred to as “Rsl”, 

and the other ring, which was placed in the potential core, is referred to as “Rpc”. 
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5.4.1 Jet centreline evolution 

The axial mean velocity decay along the jet centreline is presented at three different Reynolds 

numbers of Re=10000, 30000 and 50000 in Figs 3-5, respectively. It can be seen that irrespective 

of Re the centreline velocities decay slower with rather than without a ring beyond x/D ~ 5. The 

reduction in the velocity decay rate is more obvious in the case of Rsl; however, it can be also 

observed that as Re increases, the difference in the velocity decay rate decreases between Rsl and 

Rpc. It also can be noticed that the potential core region is slightly extended when rings are used. 

For all jets, Uc appears to asymptote to x-1 dependence in the intermediate field. In other words, 

the centreline decay can be approximated using a linear equation: 

)(
1

/ 0

D

x

D

x

B
UU cj                                                             (1) 

Where x0 is the virtual origin and B is the decay rate. This equation is well known to hold for self-

preservation of a circular jet.  

 

 

Fig. 3. Axial decay of centreline mean velocity for Re = 10000 
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Fig. 4. Axial decay of centreline mean velocity for Re = 30000. FHW mean data were obtained using the 

flying hot wire; otherwise data were taken using a stationary hot wire 

 

 

Fig. 5. Axial decay of centreline mean velocity for Re = 50000 
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Table 2 lists values for Xo/D and B for the present results. It should be noted that in the present 

work the centreline mean velocity decay is approximated using a linear fit between x/D ≈ 15 and 

x/D ≈ 25. The results clearly show the effect of rings on the location of the virtual origin. This 

shift in the virtual origin due to the introduction of passive rings was also observed in Tong and 

Warhaft [19] and Parker et al. [20]. 

 

Table 2 Centreline mean velocity parameters see Eqn. 1. T&W refer to Tong and Warhaft [19] 

Case  Re  X0/D B 

No Ring 

Rsl 

Rpc 

No Ring 

Rsl 

Rpc 

No Ring 

Rsl 

Rpc 

No Ring (T&W)  

With Ring (T&W) 

No Ring (Parker et al.) 

With Ring (Parker et 

al.) 

10000 

10000 

10000 

30000 

30000 

30000 

50000 

50000 

50000 

14000 

14000 

13300 

13300 

 

2.07 

4.43 

4.2 

0.825 

4 

3.26 

0.68 

3.19 

2.89 

0 

3 

-1 

2 

 

 

4.3 

5.12 

4.32 

5.02 

5.12 

5.12 

5.12 

5.15 

5.15 

- 

- 

- 

- 

 

Figure 6 provides the evolution of centreline turbulence intensities normalized by the centreline 

mean velocity (u'/Uc) along the jet axis at Re=10000, 30000 and 50000. The data indicate good 

congruence between data obtained using both stationary hot wire and flying hot wire (FHW). It is 

observed that the turbulence intensities are suppressed within the jet when the rings are used, 
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which agrees with the earlier finding of Tong and Warhaft [19] and Parker et al. [20]. The 

relative turbulence intensity is always less than when a ring is not used for the Rsl and Rpc cases, at 

least up to x/D = 22 and x/D = 18, respectively. It can also be noticed that for Rsl it consistently 

provides the lowest values of the centreline turbulence intensities. The turbulence intensities 

normalised by the jet exit velocity at Re=10000 are plotted in Fig. 7. The effect of the ring on the 

jet growth can also be found from these turbulence profiles. The peak of u'/Uj is shifted from 

x/D=6 to x/D=8 and its value is decreased from 0.19 to 0.136 or about 28% for both ring cases. In 

order to study the effect of Reynolds number on the magnitude of the absolute turbulence 

intensities, these profiles are plotted at two Re=30000 and 50000 in Figs. 8-9. Increasing 

Reynolds number shows the considerable reduction in differences in the maximum values of the 

turbulence intensity for the case of rings and no ring. However, the location of the peak in the 

turbulence intensifies remains approximately constant, which agrees with the results of Tong and 

Warhaft [19] and Parker et al. [20].  

 

Fig. 6. Re dependence of the evolution of centreline rms turbulence intensities.FHW mean data 

were obtained using the flying hot wire; otherwise data were taken using a stationary hot wire. 
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Fig. 7. Evolution of centreline rms Re=10000 

 

 

Fig. 8. Evolution of centreline rms Re=30000 
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Fig. 9. Evolution of centreline rms Re=50000 

 

5.4.2 Spanwise development 

The ratio of the normalized mean velocities (relative to the local centreline value) at different 

axial locations, for all three cases is presented in Fig. 10, all at Re=30000. It can be observed that 

the jet radius is hardly affected by the introduction of the rings, although there appears to be some 

effect farther downstream in the intermediate region. Figure 11 provides the axial jet development 

of the jet half-radius at Re = 30000. It should be pointed out the jet half-radius is defined as the 

radial location at which the mean jet velocity is equal to half of the local centreline mean velocity 

from the centreline. It is found that the jet spread increases linearly beyond the potential core. For 

comparison, the present no-ring case results maybe compared to those data of Panchapakesan and 

Lumley [23] who found the jet-half radius had a slope of 0.096 while Hussein et al.[24] and Xu 

and Antonia [8] found the slope had a value of 0.095.The present results are in very close 
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agreement with these earlier data, and also clearly demonstrate the reduction in the jet half-ratios 

and mixing layer thickness as the rings are introduced and moved from the shear layer into the 

potential core. 

 

 

 

Fig. 10. Streamwise mean velocity at different axial locations for Re = 30000. Note that each curve is 

shifted by 2 with respect to lower one. 
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 Fig. 11. Axial evolution of the jet half-radius for Re = 30000 

 

Figure 12 provides a plot of the radial turbulence intensities normalized by the jet exit mean 

velocity for different axial locations at Re = 30000. The reduction in the magnitude of the 

turbulence intensities in the near field agrees with the assumption that the rings suppress large-

scale turbulence structure. Also, it is not until about x/D=15 that the influence of the rings 

apparently disappears. 
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Fig. 12. Axial evolution of the turbulence intensities for Re = 30000.Note that each curve is shifted by 

0.2 with respect to lower one. 

5.4.3 Probability Density Function 

The probability density function (PDF) of the axial fluctuation velocity is: 
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where m is an integer and m>1. The centreline evolutions of p(u) over the range of 1<x/D<20 for 

all three cases are plotted in Fig. 13. Also, the PDF of a standard Gaussian distributions plotted as 

a reference i.e., F(u)  exp (u / u ) / 2 (2 )1/2 . It is noted that departure from a Gaussian 

distribution is observed between 5<x/D<10. The PDF on the centreline remains nearly quasi-

symmetric for x/D<4 for all cases, presumably due to the absence of vortex oscillation and 
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departure from a symmetric PDF on the centrelineis observed. In fact, these positions are in the 

vicinity of the end of the potential core. The end of the potential core is occupied by high velocity 

primary jet fluid, the low velocity unmixed ambient fluid and mixed fluid from within the shear 

layers. This is the reason p(u) departs considerable from a Gaussian profile, and the greatest 

departure of which is for the case of when rings are used and this occurs farther downstream at 

x/D=6 and 7, which suggests turbulence is highly intermittent in this region. This accords with the 

earlier finding above, which noted the potential core is slightly longer when rings are introduced. 

Farther downstream for all cases, the PDF returns to a near Gaussian distribution, which suggests 

there is good mixing between nozzle fluid and ambient fluid.  

5.4.4 Skewness and flatness 

The centreline skewness (Su<u3>/(<u2>)3/2) and flatness (Fu<u4>/(<u2>)2) factors are plotted for 

all three cases in Fig. 14. It is observed that the behavior of flatness and skewness are sensitive to 

jet modification in the near-filed region, x/D<15. A local extremum of Fu and Su can be observed 

at x/D = 4 in the case of no ring, and this location shifts to x/D = 5 and x/D = 6 in the case of Rpc 

and Rsl, respectively. This also confirms a small extension of the potential core for the modified 

jets. The formation of this peak, which indicates significant departure from Gaussian behaviour 

indicates highly intermittent turbulent flow. The maximum value of flatness is observed when the 

rings were used. A considerable reduction in skewness can be found in the case of rings.  
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Fig. 13. Centreline evolution of the u PDF for different axial locations for Re = 30000. Note that each curve 

is shifted by 0.4 with respect to lower one. 
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Fig. 14. Centreline evolution of the skewness (Su) and flatness (Fu) for Re = 30000.  
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5.4.5 Power spectral Density 

It is known that the near field of a jet consists of two flow instability modes. The first is the shear 

layer mode, which is associated with a high frequency oscillation due to the roll-up of a shear 

layer separated from the nozzle lip. In other words, for an initially laminar free shear layer, the 

initial (Kelvin-Helmholtz) instability produces roll-up of the shear layer through nonlinear 

saturation. This structure scales on the characteristics thickness of shear layer (the exit 

momentum thickness). The large structure of this kind in the mixing layer of a jet was extensively 

studied using both hot wire measurements and flow visualization by Yule [13]. He showed that 

due to entrainment the shear layer that separated from the lip forms a periodic street of vortex 

rings. Yule [13] argued that this vortex street is formed in the jet mixing layer from the near 

nozzle lip up to x/D ≈ 4. He showed that the region where these initial vortex rings are observed 

is not turbulent and can be related to a transition region. It has been shown that transition in round 

jets can involve the entanglement of many vortex rings. The large scale structures produced by 

this process form coherent large eddies in the mixing layer region. Yule [13] argued that this 

region is characterized as the fully turbulent region and appeared usually after x/D ≈ 4 in the near 

field and suggested that spectral measurements should be used to examine the transitional and 

turbulent regions in the mixing layer.  

The other kind of instability is called the jet preferred mode. As noted in the introduction, the 

origin of this type of instability and its relation to the shear layer mode has received some 

attention in the past. The concept of the preferred mode of jet instability was introduced by Crow 

& Champagne [12] to describe the response of their axisymmetric jet to externally imposed 

axisymmetric excitations. The term was used to denote the mode that attained the maximum 

growth under nonlinear saturation. Their measurements were taken at a fixed location on the jet 
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centreline four diameters downstream from the jet exit plane. The frequency of the preferred 

mode was observed to scale with jet velocity Ujet and diameter D such that f = 0.3Ujet /D, and they 

conjectured that the mode was a global instability of the entire jet column. Hussein and Zaman 

[16] commented that the preferred mode coherent structure characteristics are independent of 

whether the initial shear layer is laminar or fully turbulent. They were able to select one type of 

instability at a time by means of controlled excitation and suggested the separation of the 

preferred mode and shear layer. However, Petersen and Samet [18] suggested an alternate 

relationship between this mode and the shear layer mode. They argued that there is no distinction 

between these modes and claimed that the preferred mode is actually the shear layer mode that is 

most amplified by x/D=4.  

The power spectrum of the fluctuating velocity is used [13] to isolate vortex-shedding events. 

Here 



0 

2 dfΦu u . 

Measurements were performed behind the rings to study the shear layer mode and along the jet 

axis to investigate the preferred mode. 

The first location considered is in the shear layer so as to investigate the shear layer mode.  All 

samples were taken at a fixed location in the shear layer (r/D =0.476which is behind the Rsl). 

Starting from the shear layer of the unmodified jet, the normalized power spectral density 

between 0.4<x/D<5 is presented in Fig. 15. For the unmodified jet and at x/D =0.4, the largest 

peak frequency is found at approximately fs=240 Hz. This is equivalent to a Strouhal number, Stθ, 

of 0.0165(Stθ=fsθexit/Ujet and θexit is the exit momentum thickness without ring), which is within the 

expected range for the shear layer instability from 0.01 to 0.018 [25]. In fact, this implies a large 

coherent structure within the jet near field, which results from the roll-up of the initial shear layer 

(the shear layer mode). At streamwise locations farther downstream, the largest peaks shift at near 
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sub-multiples of the roll-up frequency (118Hz and 55 Hz), which implies interactions of the shear 

layer instability structures or stable vortex pairing activity in the mixing layer. Beyond x/D= 3, all 

dominant peaks disappear and the velocity spectra evolve to what is expected for fully turbulent 

flow (for example see Yule [13]). 

 

Fig. 15. Normalized streamwise power spectra at different axial locations and r/D =0.476 for unmodified 

jet Stθ=fsθexit/Ujet(Re = 30000) 
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small peak at x/D =0.4 can be observed. As this peak appears at a frequency~ 240 Hz, which is 

equal to the roll-up frequency, this implies that Rsl does not produce a new spectral mode and the 

natural roll-up mode still occurs even at a considerably lower disturbance level (low power 
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jet. Slightly farther downstream and beyond x/D =1, all peaks at the fundamental frequency 

disappear and velocity spectra display apparently fully turbulent flow as characterized by Yule 

[13]. In other words, the power spectra no longer display vortex pairing events, and it is 

concluded that transition to fully turbulent flow occurs earlier when a ring is used. Here it is 

suggested that this can be due to the interaction of the ring wake with the shear layer, which 

causes earlier breakdown of organized structures of the shear layer mode and occurrence of fully 

turbulent flow.   

 

Fig. 16. Normalized streamwise power spectra at different axial locations and r/D =0.476 for modified 

jet(Rsl)Stθ=fsθexit/Ujet(Re = 30000) 
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Fig. 17. Normalized streamwise power spectra at different axial locations and r/D =0.476 for modified jet 

(Rpc)Stθ=fsθexit/Ujet(Re = 30000) 

In Fig. 17, the effect of Rpc on the mixing layer spectra is plotted. The broad peak related to the 

initial vortex roll-up is found atfs = 240 Hz forx/D =0.4. This peak is more apparent compared to 

Rsl although it is still weaker than when no ring is used. In addition to this peak, another large 

peak appears at a considerable higher frequency (fs = 900), which is due to vortex shedding 

behind the ring and which can be detected close to the exit at x/D =0.4 in the mixing layer. This 

frequency is equivalent to a Strouhal number of Stw = 0.21where Stw= fsh/Uave, where Uave is the 

average axial mean velocity in the core. The wire Strouhal number for Rewire= Uaveh/υ = 605 is in 

the vicinity of those obtained in the literature for wake flow behind cylinders (for example 

Okajima [26] and Saha et al. [27] who obtained Stw ≈ 0.15 and Stw ≈ 0.19, respectively).However, 

similar to the previous case, in can be observed that farther downstream, these peaks completely 

disappear and transition to fully turbulent flow occurs.  
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Now, the spectra for the case of the Rpc are considered. The Rpc is placed “inside” the potential 

core near the edge of the mixing layer. First, data are presented at the radial location of r/D = 

0.417 for different downstream positions when the jet is unmodified, Fig 18. The spectra are in 

close agreement with those obtained in the mixing layer, Fig. 15. This indicates that the passage 

frequency of roll-up and stable vortex pairing can be detected near the edge of potential core. In 

Fig. 19, only the vortex roll-up can be seen at x/D =0.4 when the Rsl is used. The other spectra in 

this figure display characteristics of fully turbulent flow.  

 

 

 

Fig. 18. Normalized streamwise power spectra at different axial locations and r/D =0.417 for unmodified 

jet Stθ=fsθexit/Ujet(Re = 30000) 
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Fig. 19. Normalized streamwise power spectra at different axial locations and r/D =0.417 for modified jet 

(Rsl) Stθ=fsθexit/Ujet(Re = 30000) 

 

Fig. 20. Normalized streamwise power spectra at different axial locations and r/D =0.417 for modified jet 

(Rpc) Stθ=fsθexit/Ujet(Re = 30000) 
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Figure20 presents spectra obtained for Rpc. It is observed that the ring located in the potential core 

has only a weak effect on vortex shedding behind the ring wake.  

In order to study the preferred mode of the jet, the spectra of the streamwise velocity along the 

axis of the jet for the three physical conditions considered at Re=30000 are provided in Figs. 21, 

22 and 23. In these plots, the frequency is normalized using the exit velocity and the jet diameter 

(StD = fD/Ujet). Starting from the unmodified jet in Fig. 21, the spectra show a peak at StD = 0.56 

from the near exit until the end of potential core (from x/D =0.4 until x/D = 4). This Strouhal 

number is within the usual range for the jet preferred mode (e.g., Gutmark and Ho [25]).It is 

noted from Figure 18, the vortex second pair (shear layer mode)is close to this preferred mode 

frequency, so it may be assumed they are connected to each other. However, as can be seen in 

Figs. 22 and 23, the jet preferred mode at approximately the same StD is observed. As it was 

shown before, when the jet is modified using rings, the shear layer mode is suppressed and all 

stable vortex pairings have disappeared; however, the jet preferred mode remains active for the 

modified jets. This clearly indicates that these two modes cannot be related through vortex 

pairing of the shear layer mode. The other interesting point is that the shift in the jet preferred 

mode. For example, the peak related to the jet preferred mode can be detected at x/D = 5 when the 

Rsl is used, while this is not the case at the same distance for the case of without ring. As 

previously shown, the potential core slightly increases when rings are used. This suggests that the 

existence of the potential core plays an important role in the occurrence of the jet preferred mode 

and this instability may be due to interaction between the mixing layer and potential core. It 

should be pointed out the jet preferred mode has only been detected in jet flows and not in other 

turbulent flows and one important feature that separates the jet flows with the other types is the 

existence of the potential core in the near field.  
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Fig. 21. Normalized streamwise power spectra at different axial locations and r/D = 0 for unmodified jet 

(Re = 30000) 

 

 

Fig. 22. Normalized streamwise power spectra at different axial locations and r/D =0 for modified jet 

(Rsl)(Re = 30000) 
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Fig. 23. Normalized streamwise power spectra at different axial locations and r/D =0 for modified jet (Rpc) 

(Re = 30000) 

 

5.4.6 Integral, Taylor and Kolmogorov length scale distributions 
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considered to characterize the large, small and smallest scales, where   (u2 )1/2 / (u / x)2 1/2

and   (3 / )1/4 , and where   15 (u / x)2  is assumed. 

Figure 24 displays the centreline evolution of the integral scale for Re = 30000 and 50000. It can 

be observed that the integral scale is consistently smaller when the rings are introduced into the 

flow, which reflects the fact that the large structures in the jet are suppressed in the presence of 

the rings in the shear layer. In addition, the reduction in this length scale with Re number in the 

intermediate field is observed.  

 

Fig. 24. Centreline evolution of the integral scale, L, for Re = 30000 and Re= 50000 

 

Figure 25 displays the radial evolution of the integral scale for Re= 30000 and x/D=15. The 

reduction in the integral scales can be seen in the case of rings.  
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Fig. 25. Radial evolution of the integral scale, L, for Re = 30000 and x/D=15 

 

Before presenting the resultsfor the smaller scales, it is important to note that in the present paper, 

Taylor’s hypothesis [ )(
1
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 where U is the local mean velocity] has been used for the 

stationary hot wire to convert time into a spatial series. The use of Taylor’s hypothesis for the 

stationary hot-wire data can lead to large errors. It has been demonstrated that Taylor’s 

hypothesis and the assumption of local isotropy may be acceptable for small turbulence 

intensitiesand may cause large uncertainties for the flow with high turbulent intensity, for 

example see Antonia et al. [28] and Mi and Antonia [30]. In other words, in Taylor’s hypothesis, 

the instantaneous streamwise velocity is assumed replaced with the instantaneous mean 

streamwise velocity. Also, the use of local isotropy for the estimation of dissipation rate rather 

than measuring via an energy balance in homogenous shear flow may result up to even30% 
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intensities of about 25% in the range of x/D> 10, as can be noted in Fig. 6, the use of Taylor’s 

hypothesis may be inaccurate. One way to resolve this issue is to use a flying hot-wire. Flying 

hot-wires can decrease the negative impact of high intensities by introducing an additive transport 

velocity (e.g., Hussein et al. [32] and Cole and Glauser [33]). The other way is to correct the 

stationary hot wire small scales data using the modification of Taylor’s hypothesis or digital 

scheme of filtering high-frequency noise as suggested in a few studies (e.g., Kahalerras et al.[34]; 

Burattini et al [29]; Miet al. [35]; Mi and Nathan [36]). In the current paper, a fast-convergent 

iteration filtering scheme similar to that used by Mi et al. [35] is used to remove the effect of high 

frequency noise and correct stationary hot wire data. Mi et al. [37] showed that this scheme not 

only removes the unwanted noise contribution from the measured signal of velocity but also finds 

the ‘true’ values of λ, η and Kolmogorov frequency without any arbitrariness. More details can be 

found in Mi et al. [35]; Mi et al.[37]. 

In addition to applying the filter method, the flying hot wire was used to modify Taylor’s 

hypothesis and verify the applied filtering method along the jet centreline.  

Figures 26and 27respectively provide plots of the axial evolution of the Taylor and Kolmogorov 

scales along the centreline. Data were obtained for Re=30000 using both flying hot wire and 

corrected stationary hot wire. The inaccuracy of the original stationary hot wire data is evident 

from the figure for the no-ring case. When corrected, these stationary hot wire data are in very 

good agreement with the flying hot-wire results. The results also clearly indicate a considerable 

reduction in small scales when the shear layer is modified using a fine ring.    
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Fig. 26. Centreline evolution of Taylor scale for Re = 30000. SHW-Stationary Hot Wire; FHW-Flying Hot 

Wire 

 

Fig. 27. Centreline evolution of Kolmogorov scale for Re = 30000. SHW-Stationary Hot Wire; FHW-

Flying Hot Wire 
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As those data for the Taylor microscale and Kolmogorov scales along the jet centreline display a 

linear behavior in the intermediate field, especially after x/D=15, which is similar to Antonia et 

al. [28]. Empirical relations for and scales as functions of jet Reynolds number and 

downstream locations for both modified and unmodified jets in the intermediate field are: 

  )(Re 4/3

D

x
A

D


                                                                                                              (2) 

  )(Re 2/1

D

x
B

D



                                                                                                             (3) 

 where A and B are empirical coefficients. Table 3 provides the values for A and B for 

Re=30000. 

Table 3 Empirical coefficients for Eqn. 2-3 

Case A B

No Ring

Rsl 

Rpc 

0.360

0.296 

0.305 

 

0.85

0.64 

0.61 

 

Figures 28 and 29 provide plots of the Kolmogorov and Taylor scales for Re= 30000 and x/D=15, 

respectively, in the radial direction, from which it may be observed that there is a considerable 

reduction in these scales when rings are used. This shows that the small scales are suppressed 

across the jet as well as on the jet axis when the jet is modified using the rings. It is also found 

that the Taylor scale reduction is greater than Kolmogorov scale when the rings are used. 

Therefore, it can be concluded that as the size of eddies decrease, the effect of modifications to 

the jet diminish.   
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Fig. 28. Radial evolution of Kolmogorov scale for Re = 30000 and x/D=15 

 

Fig. 29. Radial evolution of Taylor scale for Re = 30000 and x/D =15 
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5.5 Conclusion 

The current paper considered the effect of thin square rings placed inside the shear layer and near 

the edge of potential core on the round free jet behavior. The reduction in the jet spread rate and a 

small increase in the potential core region were found in the case when rings were used. These 

observations were more obvious when the ring was located inside the shear layer. The turbulence 

intensity is considerably suppressed in the near field. The radial velocity profiles revealed that the 

jet width decreased when the jet was modified.  

The spectra results showed that the weak vortex roll-up was altered when rings were employed. 

However, the stable vortex pairing of the shear layer mode completely disappeared for the with-

ring cases and an earlier transition to fully developed turbulence was found. Once the shear layer 

was suppressed, the jet preferred mode remains active. This suggested that the jet preferred mode 

could be captured independently of the shear layer mode. This finding is close to what Hussein 

and Zaman [16] suggested, but contradicts Peterson and Samet [18] who claimed that the shear 

layer mode and the jet preferred mode cannot be separated and in fact the jet preferred mode is 

the evolution of the shear layer mode. 

The centreline and radial evolution of the Kolmogorov, Taylor and integral turbulence length 

scales were examined. The integral scale results showed reduction of the large scales in the 

modified jets in both axial and radial directions. This revealed that the size of turbulent large 

eddies is diminished when the shear layer or potential core are modified. In addition to large 

scales, the suppression of small scales was found for the modified jet. It can be concluded that the 

size of all scales in the turbulence structure diminishes if the flow near the jet exit is simply 

modified by fine rings.     
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It should be pointed out that only u data were measured and investigated in the current work. 

Therefore, it would be useful to measure all velocity fluctuations and investigate the vortical 

structures in the near field. 

This work also opens the door to re-examination of the relationship of two important instabilities 

in the near field of a round jet by means of passive control rings and suggested the important role 

of potential core. So, it might be of interest to study other types of flow control such as different 

grids at the nozzle exit to provide further insights. 
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Chapter 6 

Spatial and Reynolds number effects on scaling-range exponents in 

round, free, turbulent jets 

 

6.1 Abstract 

In this paper, the effects of the Taylor Reynolds number, Reλ, and spatial location are considered 

on the scaling-range exponents of local isotropic turbulence of a turbulent round jet. Hot wire 

measurements were taken over a range of Reynolds numbers 10000 < ReD < 50000. The energy 

spectra in the inertial sub-range demonstrate considerable departure from the k-5/3 power law so 

that the exponent along the jet centreline is in the range -1.55 ≤ m ≤ -1.43, which confirms earlier 

findings of others that this change is Re dependent. However, farther away from the centreline, 

the power-law exponent data show a considerable decrease and the exponent reaches a value of m 

= -5/3 at a radial position across the jet where the local mean velocity is around one third of the 

jet centreline mean velocity. This observation suggests that it is the local Reλ that also controls the 

value of m since Reλ decreases with radial position, r. It is argued that the effect of the large-scale 

intermittency and mean strain rate are also important on the scaling-range exponents in a 

turbulent jet. In addition to the power law exponents, the Kolmogorov constant,

3/53/2)(  kCkE  is found to vary across the jets, which is argued to be related to the large-scale 

intermittency. 
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6.2 Introduction 

Kolmogorov’s hypothesis for local isotropy states that at a sufficiently high Reynolds number, the 

small-scale structures of turbulent motions are statistically isotropic and independent of the large-

scale structures and mean deformation rate. The inertial sub-range separates the low-wave 

number region from the viscous dissipating high-wave number region of the spectrum. In the 

inertial sub-range, where by definition the viscous effects are small, the three dimensional 

spectrum is [Kolmogorov 1941 [1] and Obukhov 1941 [2] hereafter referred to as K41]: 

 

(1) 

where C is the Kolmogorov constant (C≈1.5), ε is dissipation rate and k is the wave number.  

However, there has been evidence presented that suggests departure from eq. (1). Mydlarski and 

Warhaft [3] proposed that the exponent in the inertial sub-range for finite values of Reynolds 

number, say below the Taylor Reynolds number Reλ≈ 200, is not -5/3 until Reλ≈1000. Gamard 

and George [4] used a near-asymptotic analysis of the spectral energy equation for isotropic 

turbulence. They used Mydlarsky and Warhaft data and suggested that the spectrum should 

follow a power law k-m in the overlap region of isotropic turbulence, where the exponent, m= -

5/3+μ, is Reynolds number dependent and reaches -5/3 in the limit of infinite Reynolds number, 

thus recovering the K41 result. Sreenivasan and Dhruva [5] considered the effect of Reynolds 

number on the power law exponents and reported that μ increases with Reλ, and it approaches a 

value of about 0.32 (i.e., m = -1.35) at Reλ≈ 104. 

The aforementioned studies did not consider the effect of intermittency. Mi and Antonia [6] 

considered the effect of large-scale intermittency and mean shear on scaling-range exponents in 

the far-field of a turbulent jet. They specifically focused on the exponents associated with the 

E(k)  C 2/3k5/3
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second order structure function, auto correlations of dissipation rates and power spectra of both 

longitudinal velocity and passive temperature fluctuations. They showed that all exponents are to 

varying degrees influenced by both the intermittency and mean shear rate. Their results indicated 

m = -5/3 at low values of Reλ. They also noted that the influence of the intermittency and mean 

shear rate is significantly greater than that of Reλ. In addition, Mi and Nathan [7] claimed that the 

power law exponent m = -1.5 rather than -1.67 along the centreline of turbulent jets and this value 

is insensitive to the magnitude of the Reynolds number.  

The aforementioned studies were based on two different assumptions: the independent or 

combined effects of Reλ and intermittency on the wave number exponent. In our opinion, this 

issue still remains as an open question. Therefore, this paper provides new data to help resolve 

this issue. One of the objectives of this work, therefore, was to determine the value of the power 

law exponents as a function of Reλ in the near to intermediate field of a turbulent round free jet. In 

addition, in this paper, the universality of the Kolmogorov constant is investigated.  

6.3 Experimental set up and conditions 

The experimental setup of the present work is the same as used in Fellouah et al. [8] and Fellouah 

and Pollard [9].The experimental setup and conditions are briefly described in this section, and 

the reader is referred to [8], [9] for further details. 

The air jet was generated using a fan mounted on anti-vibration pads. The air then exits a settling 

chamber via a round duct to the inlet of smoothly contracting axisymmetric nozzle with exit 

diameter of D = 73.6 mm.  

The experiments were carried out over the range of Reynolds numbers between 10000 <ReD< 

50000, where ReD is calculated based on the jet exit mean velocity and the nozzle exit diameter.  
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The measurements were mainly performed at three downstream positions of x/D = 10, 15 and 20. 

The intermediate-field region of a free jet maybe defined between 6 ≤ x/D ≤ 30 and often 

dominates practical applications of a jet; see [8] and [10]. In order to study the effect of the mean 

shear rate, measurements were taken in the radial direction to a location where U/UC> 0.2. 

All measurements of the turbulence statics were obtained using a stationary single hot wire. The 

hot wire was made of tungsten wire 5 μm in diameter and 1mm in length. A constant temperature 

anemometry was employed. The hot wire probe was carefully mounted on a support and shifted 

using a motorized traverse mechanism [8,9]. In the current work, the hot wire was calibrated in 

the jet core before and after each experiment. The calibration data were fit using King’s law 

where the probe was aligned with the mean flow direction while a static calibration was 

performed. The measurements were taken with a sampling frequency of 30 KHz and a sampling 

time of 2 minutes; note that this sampling time was checked to ensure statistical convergence of 

the data at each location. 

In the present work, the power spectrum of the fluctuating axial velocity was computed by a fast-

Fourier-transform algorithm. The wave number, k, was taken to be equal to 2πf/U, where U is the 

local convection velocity and assumed to be equal to the local mean velocity at the measurement 

point (Taylor’s hypothesis). 

To remove the effect of high frequency noise, the present data were filtered using a digital 

scheme of filtering high-frequency noise suggested by Mi et al. [11]. This scheme was verified 

using the flying hot-wire technique in the author’s laboratory. More details of the digital filtering 

can be found in Mi et al. [11]. 
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6.4 Presentation and discussion results 

The results of the current study are discussed using plots of the energy spectra.  First, the axial 

velocity spectra are presented to examine Kolmogorov inertial sub-range scaling laws. Then, the 

compensated velocity spectra will be presented to compare the current proposed scales with those 

used traditionally. Results are obtained for different Reynolds numbers as well as the axial and 

radial positions in the jet. Finally, the Kolmogorov isotropy law and Kolmogorov constant are 

discussed.    

6.4.1 Jet Centreline 

The axial velocity spectra of u, E11, for various Reynolds numbers at x/D = 10 along the jet axis 

(r/D = 0) are presented in Fig. 1.The one dimensional energy spectrum is defined as

.)(
0 1111

2 


 dkkEu The energy spectrum is normalized by the Kolmogorov length scale, 

,
4/13












 where  15 (

u

x
)2 is the dissipation rate calculated based on the local isotropy 

assumption, and Kolmogorov velocity scale, u   1/4
.  
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Fig. 1. Velocity Spectra of u at r/D=0 and x/D=10 for ReD=10000 to 50000 

 

Table 1 Summary on the values of m and n (r/D=0 and x/D=10) 

ReD Reλ m n 

10000 

20000 

30000 

40000 

50000 

94 

141 

202 

256 

314 

-1.43 

-1.48 

-1.51 

-1.53 

-1.55 

-3.50 

-3.75 

-3.85 

-3.90 

-3.95 

 

Over this range of Reynolds numbers, a least squares fit to the spectrum yields a preference slope 

(see figure 1) -1.55 ≤m ≤ -1.43, compared to -1.67 of K41. The results are summarized in the 

Table 1. In addition to values for m, the Taylor Reynolds number defined as 
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,/Re
2/12  u  where λ is the Taylor microscale

2/1
22/12 )(/

x

u
u




 and estimations 

for the dissipation range slope (n, see figure 1) are listed in the Table 1. 

The decrease in the magnitude of m with Reλ can be observed from the data given in Table 1, 

which confirms the role of Reynolds number on scaling-range exponents. This difference in the 

inertial sub-range slope was previously observed in Mydlarski and Warhaft [3], Gamard and 

George [4] and Pearson and Antonia [12]. They related this difference to the finite value of Reλ. 

The present data agree with these along the jet centreline; however, the present data do not agree 

with this observation with radial distance away from the centreline (as will be discussed 

later).Figure 2 provides the compensated velocity spectra forms of those data that appear in Fig. 

1. Recall that the one-dimensional spectrum is
3/5

1
3/2

1111 )(  kCkE  , where C1=18/55C, or 

C1~0.5 (Monin and Yalgom [13]) for isotropic turbulence. 

 

Figs. 2. Compensated velocity Spectra of u at r/D=0 and x/D=10 for ReD=10000 to 50000 based 

on real m (left) see Table 1, and m = -5/3 (right). Note: Spectra shifted vertically by multiples of 

ReD/10000 
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In the inertial sub-range, the Kolmogorov hypothesis predicts that the compensated spectra 

should be nearly independent of kη. In other words, the inertial sub-range should be a constant,

)(18/55 111
3/5

1
3/2 kEkC   . Saddoughi and Veeravalli [14] and Seenivasan [15] suggested that 

this constant is universal and equal to approximately C ≈ 1.5 (or C1≈0.5) although they noted that 

different methods of estimating these values using the same data (e.g., accuracy of determining 

dissipation) could result in uncertainty in order of 10-20%. However, the present data supports 

departures from this constant with distance away from the centreline. 

As shown in Table 1, the present data do not support m = -5/3 and a new exponent should be used 

in the energy spectra equation (eq. 1). The one dimensional longitudinal spectra equation maybe 

recast E11(k1) 18 / 55C 2/3k1
5/3(k1)5/3m  where m is a power law exponent and C* is the 

modified Kolmogorov variable (This is a modified similarity form similar in approach to 

Mydlarski and Warhaft [3] and Sreenivasan [16]). The left portion of fig. 2 presents the 

compensated spectra plotted according to the values of m listed in Table 1, while the right portion 

of this figure uses m= -5/3. As can be observed, the slope of the curves observed in the right panel 

in the inertial sub-range disappears as m departs from -5/3 (left panel). The difference in the 

width of the inertial sub-range (over kη) increases with Reynolds number. Additionally, the 

spectra do not display the spectral ‘bump’ at the high wave number end of scaling range observed 

when scaled using m = -5/3, see e.g., Fellouah and Pollard [9] and Coantic and Lasserre [17]. It is 

possible that the lack of the appearance of the spectral bump at higher wave numbers could be 

due to measurement resolution, as recently noted by Hutchins et al. [18] in wall bounded flow, 

but this needs to be explored. 

The current observations suggest that earlier interpretation regarding the mixing transition 

proposed by Demotakis [19] should be revisited. The concept of the mixing transition was 
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previously based on the appearance of the transition from the inertial to dissipation range using 

thek-5/3-law, Dimotakis [19] and Fellouah and Pollard [9]. Dimotakis [19] argued that a necessary 

condition for fully-developed turbulence and K41 inertial-range similarity ideas to apply is the 

existence of a range of scales that are uncoupled from the large scales, and free from the effects 

of viscosity on the other hand. He explained that the mixing transition may not be traced to the 

large-scale structure in the flow, which is peculiar to the geometry considered, rather to the 

physical significance of the various scales of the turbulence and their Reynolds number scaling. 

Dimotakis [19] argued that the mixing transition should occur when there is a separation between 

the large and viscous scales, and free from viscous effects, which coincides with the inertial and 

dissipation ranges of the velocity spectra. Based on data presented in Fellouah and Pollard [9], 

they argued that the appearance of the inertial sub-range itself appears to indicate the onset of the 

mixing transition. The current investigation clearly indicates that the mixing transition based on 

the improved Kolmogorov exponent law can occur at lower Reynolds number than previously 

thought. For example, the inertial sub-range represented by the plateaus as noted in the left panel 

of fig. 2 is certainly apparent at ReD= 10000 form = -1.43, while it is not apparent at lower 

Reynolds number for m = -5/3. This difference in the length of the inertial sub-range can also be 

found for other Reynolds numbers. 

In an effort to determine the influence of axial location on the Kolmogorov local isotropy power 

law exponents, the velocity spectra and the compensated form of the spectra at x/D = 15 and 20 

are plotted in Figs. 3, 4, 5and 6. Similar to those data presented in Table 1 for x/D = 10, the 

scaling-range exponents for x/D = 15 and x/D = 20 are listed in Tables 2-3, respectively. The 

results at these positions also show a deviation from m = -5/3 for all Reynolds numbers as can be 

noted from the lists in Tables 2-3. It can also be noted that the downstream positions apparently 
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do not affect the power law exponents. In other words, it seems that m is only a function of 

Taylor Reynolds number along the jet axis. The power law exponents versus Taylor Reynolds 

numbers for the above-mentioned locations on the jet centreline are plotted in Fig. 7 and 

compared with m-Reλ relationship obtained by Mydlarski&Warhaft [3] and Gamard and George 

[4] for grid generated turbulence. The current data on the jet centreline show very good 

agreement with those grid generated turbulence data suggested by Mydlarski&Warhaft [3] and 

reasonable agreement with the analysis of Gamard and George [4]. It may be assumed that as the 

grid turbulence and round jets are totally different, these m-Reλ relations may be applicable to any 

turbulent flow. However, as will be discussed later, across the jet the current data do not confirm 

this assumption. Therefore, it is suggested that these m-Reλ relations may be generic for any 

turbulent flow only under given circumstances, which will be discussed later.   

 

Fig. 3. Velocity Spectra of u at r/D=0 and x/D=15 for ReD=10000 to 50000 
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Figs. 4: Compensated velocity Spectra of u at r/D=0 and x/D=15 for ReD=10000 to 50000 based 

on real m (left) and m = -5/3 (right). Note: spectra shifted vertically by multiples of ReD/10000. 

 

 

Fig. 5. Velocity Spectra of u at r/D=0 and x/D=20 for ReD=10000 to 50000 
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Figs. 6. Compensated velocity Spectra of u at r/D=0 and x/D=15 for ReD=10000 to 50000 based 

on real m (left) and m= -5/3 (right).Note: spectra shifted vertically by multiples of ReD/10000 
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Table 3 Summary on the values of m and n (r/D=0 and x/D=20) 

ReD Reλ m n 

10000 

20000 

30000 

40000 

50000 

90 

135 

188 

213 

255 

-1.43 

-1.47 

-1.50 

-1.52 

-1.53 

-3.75 

-3.85 

-3.85 

-3.90 

-4.00 

 

 

Fig. 7. The power law exponent (m) versus Taylor Reynolds number (Reλ) 
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6.4.2 Radial variations of the scaling exponent 

In this part of the current study, the Kolmogorov local isotropy law exponent was investigated as 

a function of radial position. To achieve this, a set of measurements was taken at x/D = 10 and 

ReD=30000 (i.e. beyond the mixing transition, Dimotakis [19] and where the mean axial velocity 

was never less than 20% of the mean centreline value). This limitation was imposed to ensure 

influences from negative velocities associated with the larger scale outer layer structures should 

be small. The important parameters that vary with the radial positions across the jet are 

intermittency factor, γ, and mean strain rate, S 
U

r
. It should be noted that the mean strain rate 

is presented in the normalized form 5.0)(



SS  .The intermittency and mean strain rate vary 

with radial positions and are invariant on the jet centreline as S*=0 and γ=1. Radial profiles of the 

normalized mean velocity, normalized dissipation (εr1/2/Uc
3), non-dimensional mean shear rate, 

and intermittency factor are plotted in Figs. 8-11, respectively. Note that  15 (
u

x
)2 has 

been used. The intermittency factor γ is defined as the probability that a given flow is turbulent at 

a given point. The intermittency factor has received considerable attention and has been measured 

using different techniques, see e.g., Townsend [20]; Corrsin and Kistler[21]; Antonia et al. [22]; 

Kuznetsov et al.[23]. The measurement of the intermittency has been found to be close to unity 

on the jet centreline and independent of Reynolds number and axial locations (e.g., Corrsin and 

Kistler[21]; Wygnanski and Fiedler [24]; Mi and Antonia [6]). 
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Fig. 8. Mean velocity profile across the jet 

 

 

 

Fig. 9. Normalized dissipation profile across the jet 
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Fig. 10. Mean strain rate distributions across the jet 

 

Fig. 11. Intermittency distributions across the jet 
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The velocity spectra are plotted in Figs 12-14for different ri where the subscript i corresponds to 

the radial position where U/Uc=i (e.g., r1 corresponds to the jet axis). The power law exponents as 

a function of radial position and Reλ are also listed in Table 4. 

 

Fig. 12. Velocity Spectra of u ReD=30000 and x/D=10 across the jet 

 

Fig. 13. Compensated velocity Spectra of u at ReD=30000 and x/D=10 for different ri based on 
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Fig. 14. Compensated velocity Spectra of u at ReD=30000 and x/D=10 for different ri based on 

m= -5/3.  
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From the above, the values of power law exponent decrease with ri and m = -1.67 can be detected 

somewhere around r0.33. Moreover, as can be observed from Table 4, Reλ decreases across the jet. 

This suggests that Reλ alone cannot be responsible for the values of the power law exponent that 

are below that of K41. The decrease in the value of m with radial distance from the jet centreline 

was previously observed and Mi and Antonia [6] who studied the effect of large-scale 

intermittency and mean shear on scaling-range exponents in a turbulent jet. They concluded that 

the observed radial change arises from the large-scale intermittency and effects of mean shear, 

and is not due to changes in Reλ. This claim is not in accord with those studies that emphasized 

the effect of Reλ. As noted above, on the jet centreline S*=0 and γ=1, and these factors are 

independent of Reynolds number and downstream locations. Therefore, based on Mi and 

Antionia [6], m should be independent of Reynolds number at a fixed location along the 

centreline. Mi and Nathan [10] confirmed that the centreline of the jet follows a power exponent 

of m = -1.5 and this value is insensitive to magnitude of Reynolds number. However, as noted 

above, the present results along the jet centreline do not agree with this claim and indeed m has 

been found to depend on Re. It should be noted, though, that our data completely support Mi and 

Antonia [6] claim that Reλ cannot be the only criterion to achieve m = -5/3 as Reλ and m decrease 

in magnitude across the jet. Therefore, a combination of Reλ, intermittency and mean shear rate is 

suggested as the criterion for the variation in the power law exponent.  

6.4.3 Length scale distributions 

As was found above, the power law exponent plays a different role off as compared to on the jet 

axis, which suggests the importance of intermittency on the value of m. In order to test some 

other important factors in the isotropic turbulence, the large scale and Kolmogorov constant at 

x/D=10 along the jet centreline and across the jet are listed in Table 5. One part of the current 
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study was to examine the effect of large scales on local isotropy. There appears to be some 

confusion in the literature about what scales are important and where in the broad volume domain 

of a round free turbulent jet. Nonetheless, there seems to be general agreement for the need of a 

large scale. Here, the “physical” integral scale introduced by Gamard and George [4] as a large 

scale, L, is considered. The longitudinal integral scale is used, as determined from the measured 

one dimensional spectrum in the limit of zero wave number (e.g., Sadeghi and Pollard [12]). 

Gamard and George [4] noted that the physical integral length scale differs from a pseudo integral 

scale (l≈u3/ε) that is often used in the literature. They argued that the ratio of L/l is Reynolds 

number dependent and constant only in the limit of Reynolds number (e.g., Reλ> 200).The 

present measurements along the centreline indicate that as Reλ increases, L/l decreases, although 

this trend weakens for Reλ>200. This observation is in close agreement with Gamard and George 

[4] prediction that at low Reynolds number L/l is a function of Reynolds number. However, an 

exception can be found with radial position in the jet. As can be noted from data tabulated in 

Table 5, as the Reλ decreases, L/l increases; however, at low Reynolds number L/l value is much 

higher than those obtained along the centreline (e.g., for Reλ=102 across the jet, L/l = 6.5 which 

can be compared with those much smaller values obtained for Reλ=90-94 along the centreline). 

Here, it is noted that this could be due to the effect of large scale intermittency across the jet.  
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Table 5 Length scale distributions and Kolmogorov Constant for x/D=10 (upper Table at r1, lower 

Table r0.25 ≤ ri≤ r1) 

 

x/D=10 and r/D=0 (ReD=10000-50000)   

Reλ m L l(u3/ε) L/l C* C 

94 -1.43 0.0362 0.0218 1.66 2.22 - 

141 -1.48 0.0342 0.0249 1.37 2.18 1.38 

202 -1.51 0.0337 0.0337 1.00 2.14 1.40 

256 -1.53 0.0314 0.0323 0.97 2.10 1.42 

314 -1.55 0.0303 0.0318 0.95 2.10 1.45 

        
x/D=10 and ReD=30000(i=1-0.25)   

Reλ m L l L/l C* C 

202 -1.51 0.0337 0.0337 1.00 2.22 1.40 

190 -1.54 0.0370 0.0264 1.40 1.57 1.17 

178 -1.57 0.0406 0.0220 1.84 1.22 0.98 

161 -1.60 0.0445 0.0190 2.34 0.93 0.84 

146 -1.63 0.0488 0.0173 2.82 0.74 0.77 

125 -1.66 0.0543 0.0114 4.76 0.58 0.58 

102 -1.68 0.0594 0.0091 6.50 0.46  0.51 
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6.4.4 Kolmogorov Constant 

As mentioned earlier, the constant, C, from the classical formalism of Kolmogorov is 

).(18/55 111
3/5

1
3/2 kEkC   The classical Kolmogorov constant C as well as C* (

E11(k1) 18 / 55C 2/3k1
5/3(k1)5/3m ) are listed in Table 5. Monin and Yalgom [13] estimated 

C to be 1.5±0.1. Saddoughi and Veeravalli [14] confirmed this value and suggested uncertainties 

associated with this value to the accuracy of the dissipation. Sreenivassan [15] collected all 

known data on the Kolmogorov constant from one-dimensional spectra in the inertial sub-range 

and concluded that regardless of some uncertainties this constant has a nearly universal behavior 

(e.g., C≈ 1.5). He also noted “it is difficult to discern support for a recent claim that the constant 

is Reynolds number dependent even at high Reynolds numbers”.  

Now, consider the results presented in Table 5. It can be seen that C varies in the range of 

1.38≤C≤ 1.45, which indicates an uncertainty of order of 5-10% from C≈ 1.5. Also, the trend of 

the Kolmogorov constant in the present study does not agree with recent data from Tesar and 

Kordik [23] who concluded there is an increase in the value of C with distance downstream in 

their study of pulsed jets.  

But, how accurate are the values of C determined in this and other studies? First, it should be 

pointed out that the slope from plotting the compensated form of the velocity spectra is nearly 

constant, as can be noted from the figures presented above. Some inaccuracy can arise using this 

method as we have estimated this based the on appearance of the flat region through a fitted line 

(e.g., this flat region was not apparent for ReD=10000 for all positions). It is important to mention 

that different methods of estimation using the same data could result an uncertainty of order of 

10%, Sreenivasan [15].Second, it may be assumed that the measured values of C along the 

centrelineare Reλ dependent; e.g., C increases slightly with Reλ at a fixed location on the 
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centreline Table 5, which does not agree with Sreenivasan [15] claim for Re independence..Also 

C≈ 1.5 has been observed previously for low Reλ that were in the range considered here (e.g., 

Laufer [26], Klebanoff [27], Champagne [28], Gibson et al. [29] and Uberoi and Fremuth [30]); 

however, it should be pointed out that authors considered different types of flow rather than a jet 

flow. Apparently, there are no data available in the literature at low Reλ along the jet centreline. 

Therefore, future attempts will be needed to confirm the influence of a finite value of Reynolds 

number on C in free jets. 

Third, it should be pointed out that the present measurements are based on the assumption of 

local isotropy, which implies that .15
2

x

u




  Hotwire measurements can result some 

uncertainties in calculation of dissipation rate. Sreenivasan [31] also noted that local isotropy 

estimates are always smaller than the full dissipation (it may result up to even30% uncertainties, 

please see Figure 4 in [31]).  

Finally there are some concerns about the effect of intermittency on the spectral form of the 

inertial sub-range. Sreenivasan [15] has argued that the effect of intermittency on the 

Kolmogorov constant is small and can be ignored. In addition, as mentioned before, the 

intermittency factor along the jet centreline is nearly constant and Reynolds number independent; 

therefore, intermittency cannot be the main reason for observed uncertainties. The values of the 

Kolmogorov constant are surprisingly smaller than the usual expected range of Kolmogorov 

constant (C≈ 1.5) across the jet. As can be seen in Table 5, m diminishes by up to 70% across the 

jet, which is far larger than the uncertainties noted above. It is argued therefore that this can be 

only due to the effect of large scale intermittency across the jet. To our knowledge, only 

Kuznetsov et al. [23] has investigated the effect of γ on the Kolmogorov constant. By measuring 
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Kolmogorov constant at different locations in five different shear flows (with different values of 

γ) Kuznetsov et al. [23] suggested that Kolmogorov constant varies with γ. 

6.5 Conclusion 

In this paper, the scaling range exponents in the intermediate field of a round, free, turbulent jet 

using the spectra studies have been investigated. Velocity spectra along the jet centreline revealed 

that the power law exponents in the inertial sub-range are slightly greater than m = -5/3. This was 

related to the finite value of Taylor Reynolds number. As the Reynolds number increases, m 

decays to smaller values, but still remains far from m = -5/3 in the current experiments. The 

results show a very small decrease in the m with the axial positions along the jet centreline. In 

addition to jet centreline, spectral analyses were preformed across the jet. It was found that with 

increased distance from the centreline the values of power law exponent decrease and m = -1.67 

can be detected somewhere around r0.33 where the Taylor Reynolds number equals ~ 110. Data 

available in this paper are clearly opposite to those ideas that suggested either the effect of Taylor 

Reynolds number or large scale intermittency alone is responsible for the departure of m = -1.67. 

Therefore, a combination of Reλ and intermittency is suggested as the criteria for the power law 

exponent variation. In addition, it was found that although the ratio of physical integral length 

scale to pseudo integral scale L/l is a function of Taylor Reynolds number along the jet centreline, 

it behaves differently across the jet. The other interesting point about the current data across the 

jet is the non-universality of the Kolmogorov constant, C. It was noted that the behavior of L/l 

and C across the jet are related to the large-scale intermittency.  

It should be pointed out that the current work was limited by this fact that only the data of u were 

measured and investigated. Therefore, it would be useful to measure all three velocity 

fluctuations and test the local isotropy in jets (e.g., similar to Saddoughi and Veeravalli [14] in 
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turbulent boundary layers). However, it is important to note that it is difficult to achieve a very 

high Taylor Reynolds number in jet flows compared to boundary layers or channel flows. The 

highest Taylor Reynolds number in the present study was Reλ = 314. Therefore, some future 

efforts to confirm the present results are warranted.  
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Chapter 7 

Recommendations for Future Work 

 
It was found that the power law exponent in the jet centreline does not follow Kolmogorov -5/3 

“law”. Along the jet axis, the power law exponent shows a good relationship with Taylor 

Reynolds number. However, it is important to note that it is difficult to achieve a very high 

Taylor Reynolds number in jet flows compared to boundary layers or channel flows. The highest 

Taylor Reynolds number in the present study was Reλ = 314. Therefore, future focus to confirm 

the present findings is warranted. In addition, the current investigation showed the importance of 

the mean shear rate and intermittency on the scaling-range exponents. Therefore, it would be of 

interest to determine the power law exponent tested in other type of shear flows to confirm our 

observation.   

In addition, the current work was limited by this fact that only the data of u were measured and 

investigated. Therefore, it would be useful to measure all three velocity fluctuations and test the 

local isotropy in jets (e.g., similar to Saddoughi and Veeravalli (1994) in turbulent boundary 

layers).  

The present investigations also opened the door to re-examination of the relationship of two 

important instabilities in the near field of a round jet by means of passive control rings and 

suggested the important role of potential core. So, it might be interesting to study other types of 

flow control such as different grids at the nozzle exit to provide more findings.  In addition, as the 

structure of the jet preferred mode has not received significant attention using numerical 

simulations, some future numerical studies are suggested to examine the spatial details of the 

structures, evolution and interaction of large structures in the near field of jets.   
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