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Abstract 

The current work presents an experimental investigation of interactions between flow scales. Injecting 
a single Fourier mode into a round jet flow made it possible to isolate and analyze the generation process 
of the high spectral components along the downstream flow development and to measure when they 
eventually are absorbed into the fully developed turbulence. Furthermore, an interesting dynamic evo-
lution of the measured power spectra has been observed that confirms the cascaded delays reported by 
Josserand et al. 2017. Lately, these cascade delays have also been derived directly from a one-dimen-
sional interpretation of Navier-Stokes equations described in a companion paper. The results in the 
current work provide vital information about the time scales in the triad interaction process.  

Keywords: Turbulent cascade; Triad interaction; Laser Doppler anemometry; Hot-wire ane-
mometry; Velocity power spectrum. 

Introduction 

Most of the 20th century knowledge of turbulence is founded on the equilibrium gas dynamics 
analogy to small and intermediate scales of turbulence, as put forth by Kolmogorov (1941) 
[1,2].  Indeed, almost all turbulence theories and models are in one way or another based on 
the Kolmogorov theory of turbulence (which the authors will hereafter refer to as the K41 
theory). In particular, many approaches rely on the existence of a continuous exchange of tur-
bulent energy from small wave numbers to large wave numbers, named the Richardson cas-
cade, where predominantly local interaction between scales occurs [2,3].  

By taking the Fourier transform of the non-linear advection term in the Navier-Stokes 
equations, one can immediately observe that the energy is always exchanged between triads of 
wavenumbers, so-called triad interactions [4]. However, being able to infer the restriction of 
locality of the triad interactions, as postulated by Richardson, directly from the governing equa-
tions appears to have so far eluded the turbulence community. On the other hand, accumulating 
evidence is witnessing that the actual underlying processes of energy exchange between scales 
may in fact be quite different from the ideas of K41. An example of energy exchange between 
non-local interactions, in direct violation of Richardson cascade concept, is shown in Figure 1; 
which zooms into the stratified shear layer area of a DNS, where structures of small size appear 
and directly exchange energy with a widely larger structures. Historically, many (but not all) 
experimental evidences supported the K41 theory, but George 2015 [5], inspired by recent 
developments of his and others, argued that the K41 only applies to equilibrium flows, while 
failing to reproduce results from flows out of equilibrium. Hence, the K41 theory is believed 
to constitute an equilibrium solution that does not appear to hold true in general.   



 

Recently, interesting dynamic effects in the transfer of turbulent energy by the triad interaction 
process have been reported. For instance, the data of the hot-wire anemometer analysis con-
ducted by C. Josserand et al. [6] reveals both a lack of time reversal symmetry and a delay in 
the triad interactions. This delay seems to depend on the separation of the k-vectors entering 
the process. Other relevant studies concern the comparison between the strength of non-local 
interactions against the local ones [7,8] and the persistence of the initial large-scale structures 
during the further turbulence development [9]. As Y. Zhou [7] pointed out, and several inves-
tigations concluded, the local energy transfer resulted from non-local interactions [11-13], 
which contrasts with the classical Kolmogorov picture. Indeed, direct coupling between scales 
of quite different size seems to be possible, as it is shown in Figure 1. And even though the net 
effect of the energy transport is towards higher wavenumbers, the energy may move in the 
direction of both smaller and larger scales [6]. Other outstanding questions concern the persis-
tence [14] of the initial conditions into the developed turbulence and the precise form of the 
final decay of the turbulent fluctuations [15]. Moreover, the fact that many papers report devi-
ations from the -5/3 slope in the logarithmic plot of turbulence velocity power spectra [13, 16-
18] and that significant differences occur between measurements and model calculations in 
flows of significant stagnation, separation and transient processes (i.e. where the flows can 
potentially be pushed out of the assumed equilibrium) highlight the limitations of the Kolmo-
gorov theory. For this reason, the authors believe that the turbulence energy transfer investiga-
tion should refer directly to the governing Navier-Stokes equations [19]. 

The current work describes an attempt to isolate and visualize triad interactions by measuring 
the downstream development of a single Fourier component injected into a well-defined flow. 
The downstream position is interpreted as a time development, given by the convection time 
for a fluid element, in which the fluid has been exposed to the actions of the Navier-Stokes 
equations. The triad interaction mechanisms have been isolated and triggered by injecting an 
oscillation into a mean flow direction with two different methods. Finally, the measurements 
have been compared with the flow development computed by a one-dimensional solution of 
Navier-Stokes equations, which is described in the forthcoming companion paper [20]. The 
present paper shows good agreement between the experiments and the computations, which 
allows us to draw some conclusions about the flow interactions.  

Figure 1. Generation and interaction of different scales. Density at the top, dissipation at the 
bottom. Picture from Dr. Ali Mashayek, Imperial College London. 



Navier-Stokes equations 

It is generally accepted that Navier-Stokes equations describe the time evolution of the most 
common laboratory flow experiments, and that the development of the flow structures is pri-
marily caused by the non-linear term of the momentum equations: the so-called convective 
acceleration or advection term (the first term on the right-hand side). 
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This equation is essentially Newton’s second law, describing the momentum balance for the 
fluid passing through an infinitesimal fluid control volume shown in Figure 2. 

 

The nonlinear term causes a velocity change due to the change in convection of momentum 
through a control volume, 𝐶𝐶𝐶𝐶 = 𝑔𝑔𝑑𝑑 ⋅ 𝑔𝑔𝑝𝑝, where 𝑔𝑔𝑑𝑑 is the cross-sectional area and 𝑔𝑔𝑝𝑝 is the 
thickness of the CV. The diffusion term causes a loss of velocity by diffusion of momentum to 
the fluid surrounding the control volume. The pressure gradient influences the velocity by fluc-
tuating pressure caused by velocity fluctuations elsewhere in the fluid and propagating instan-
taneously to the control volume in an incompressible fluid. This term must be computed by a 
full solution to the Laplace equation including pressure terms at the boundaries or inferred from 
theoretical models.  

The flow velocity structures may be decomposed in several ways, but one of the most 
common ones, and perhaps the easiest to interpret, is by Fourier transforming the Navier-Stokes 
equations and analyzing the interactions between the Fourier coefficients or wave vector com-
ponents of the flow. As is also explained more in detail in P. Buchhave and C.M. Velte 2019 
[19], the 2nd order nature of the non-linear term imposes a phase match condition on the wave 
vector of the velocities: 𝒌𝒌 =  𝒌𝒌1 +  𝒌𝒌2. This means that the energy transfer between flow struc-
tures can happen only by the interaction of two wave vector terms to form a third one, the so-
called triad interactions. One can divide the triad interactions into two categories, depending 
on the shape of the triad or the magnitude of the vectors. The transfer of energy happens locally 
if the three wavenumbers involved in the interaction are of the same order, otherwise it is non-
local [21]. 

Figure 2. Fluid control volume and instantaneous velocity u and a component ui at a point in 
time. The red line indicates the path of a fluid element in time (streak line). 
 



In order to understand this process, experiments in which a single oscillating Fourier 
mode is injected into a fully developed turbulent flow have been designed. By conducting 
measurements downstream of the injection position, the development in time of the power 
spectrum is traced through laser Doppler anemometer (LDA) and hot-wire measurements. The 
downstream position is interpreted in relation to the Navier-Stokes equations as a time interval 
in which the equations operate on the flow passing a series of control volumes, as shown in 
Figure 2. 

A ‘full’ solution of the Navier-Stokes equations requires a numerical solution with a 
high spatial and temporal resolution (Direct Numerical Simulation, DNS). But these numerical 
solutions do not necessarily provide a physical understanding (i.e. understanding of the flow 
based on the governing equations). As the primary interest of the authors is to understand the 
inner workings of the interactions between Fourier components (the triad interactions), a one-
dimensional model has been developed and implemented. The method involves projection of 
the forces acting on the fluid in the control volume onto the instantaneous velocity direction. 
The time sampling interval 𝛥𝛥𝜕𝜕 is then converted to the convection sampling interval 𝛥𝛥𝑝𝑝 = 𝑝𝑝 𝛥𝛥𝜕𝜕 
[22]. This method, obviously, does not allow to see the full 4-dimensional motion of the fluid. 
However, the forces acting in the direction of the velocity will change the momentum and allow 
computation of kinetic energy and spatial velocity structures. The main problem is the inability 
of computing the pressure gradient, since this requires the solution of Laplace’s equation for 
the whole fluid volume at the present instant in time. To include pressure, it will be necessary 
to invoke a model or use separate information about the fluctuating pressure.  

 
Experiments 
 
The experiments described in the following are designed to inject a single Fourier mode into a 
well-defined flow and by measurement of the time trace of the velocity at increasing down-
stream distances follow the time development of the velocity field. As Fourier modes are es-
sentially plane waves [23], the attempt was to inject a two-dimensional oscillating wave front 
normal to the mean flow direction.  

The axisymmetric turbulent round jet can be considered the ideal flow to investigate 
the turbulent cascade. Indeed, the round turbulent jet was the first flow for which the theory of 
Kolmogorov was supported by showing the -5/3 range in the power spectrum [24]. In addition, 
this flow evolves rapidly enough to be practical on laboratory scales, and it is optically acces-
sible. Moreover, it offers a useful wide literature, as it has been investigated by many over the 
years, see e.g. [25-28].  

The measurements are divided in three sets of experiments, presented in chronological 
and thought chain order, and were carried out using a laser Doppler anemometer and a hot-
wire anemometer. First, LDA measurements were performed behind an oscillating airfoil de-
signed to inject a single frequency oscillation into a high intensity turbulent round jet flow. 
Secondly, measurements in jet flows of different high intensity turbulence were carried out 
behind a larger airfoil with less vigorous oscillations using a hot-wire anemometer. Finally, the 
same hot-wire anemometer system was used on an experiment based on the vortex shedding 
oscillations behind a rod in a low intensity turbulent jet. This third experiment was performed 
in the laminar core of an air jet with a larger exit diameter using a sharp-edged rod to create 
the vortex shedding and hence to inject the single frequency. 
  



Experiment 1 - Oscillating airfoil measurements with LDA 
 
A jet generator, which is the one used in several projects of the Turbulence Research Labora-
tory of DTU e.g. [29- 31], produces an axisymmetric fully developed turbulent flow 30 jet exit 
diameters downstream of the nozzle exit.  
The jet nozzle, shown in Figure 3, has an exit diameter of D=10mm, a contraction ratio of 3.2:1 
and can be moved in two horizontal directions, manually or by computer control. The jet is 
connected to a pressurized air output, used to adjust the flow velocity, and to a particle dis-
penser that seeds the flow. The nozzle was designed using a fifth order polynomial contraction 
shape as suggested by [32] in order to avoid boundary layer separation at the walls and to obtain 
a uniform mean flow at the outlet.  

 
 

Initially, the airfoil span experiment was conducted by flapping in an oscillating manner 
a 50x10 mm airfoil with a thick leading edge and a sharp trailing edge. The airfoil, which was 
situated downstream of the jet at the height of the nozzle centerline and extended through the 
full width of the jet, as depicted in Figure 3, altered the jet flow creating a sinusoidal frequency. 
Figure 4 shows a smoke visualization in a vertical laser sheet, illustrating the development of 
jet flow perturbed by the airfoil. 

 

Figure 3.  Jet generator and oscillating airfoil. 

Figure 4.  Flow visualization airfoil experiments. 



The airfoil was moved by a small motor, creating a selected oscillation frequency set to 10 Hz. 
The streamwise velocity was measured using an in-house built state-of-the-art 90-degree scat-
ter LDA system [30]. Notice that, based on the fact that the forward/side scattering optics of 
the LDA system was highly sensitive to misalignments and that the detector might lose aim of 
the measuring volume if traversed, it has been chosen to move the jet instead of the LDA.  

The measuring distance was 300 mm and the size of the measurement volume was 
200X200 μm. When performing LDA measurements, the ambient air was seeded with glycerin 
particles, injected by means of pressurized air, so that a nearly uniform spatial seeding density 
is achieved. Note, the size of particles (~1-5 μm) has been shown to be small enough to faith-
fully track the flow and observed to be large enough to scatter enough light for a good signal 
quality [33]. The Doppler signal at each downstream position was measured in 400 records, 
each of 2 s, with a sampling rate of 25 MS/s.   

The Reynolds number at the jet exit (𝑅𝑅𝑐𝑐𝐷𝐷) was 2.2 ∙ 104 and the airfoil was positioned 
with its leading edge 20 jet exit diameters (20D) downstream of the jet exit. The LDA meas-
urement point was then placed at 1D, 2D, 4D, 6D, 8D, 10D jet diameters after the leading edge 
of the airfoil, as depicted in the schematics in Figure 5.  

 

 

The measured temporal streamwise velocity power spectrum for those downstream distances 
are displayed in Figure 6.  

The sequence of plots shows interesting dynamics in the energy exchange process be-
tween scales. From the figure it can be inferred that the center of gravity of the induced spectra 
peaks moves towards higher frequencies as the flow is traced further and further downstream. 

The alternation of the dominance of the first (10Hz) and second harmonic (20Hz), the 
‘wave behavior’, is in agreement with Josserand [6], who observed that the energy mostly 
transfers among wavenumbers which are strongly correlated to the fundamental frequency. 
Moreover, it shows that the energy can flow in both directions, but the global energy transfer 
remains towards higher frequencies.  

 

Figure 5. Oscillating airfoil schematic for experiments 1 and 2. The airfoil is depicted in 
blue in the figure. 



  

(e) (f) 

(a) (b) 

(c) (d) 

Figure 6. Dynamic evolution of a “wave-like behavior” of the spectrum as time increases, for 
a distance of 1D, 2D, 4D, 6D, 8D and 10D behind the airfoil trailing edge, respectively. 



Experiment 2 - Oscillating airfoil measurements using Hot-wire anemometry  

The LDA measurements and flow visualization from the previous section showed that the 
10x50 mm airfoil required a significant amplitude to create the desired modulation to ensure 
injection and isolation of the development of a single mode into the jet. Thus, new measure-
ments were conducted with a larger (span and chord) airfoil, which was oscillating with a 
smaller amplitude to introduce less turbulence kinetic energy. The dimension of both the chord 
and the span dimension of the airfoil was increased to 50 and 210 mm, respectively.  A hot-
wire anemometer could, to sufficient accuracy, be used in this less turbulent flow because the 
power spectrum could be processed online and the system could be more easily traversed to 
cover more downstream measurement points. 

A Dantec Dynamics hot-wire system with the following specs was employed: 

• Probe: 55P11 1D Wire Straight general purpose (Tungsten, d=5 µm, l=1 mm); 

• Support: 55H20 1D Support 1D-straight – short; 

• Cable: A1863 Cable 4.0 m. 

The hot-wire calibration was conducted by choosing 10 velocity points, from 1 to 30 ms-1, and 
verifying the velocities by measuring the pressure difference with a FCO560 Furness Control 
Calibrator. For these measurements, the signal acquired through the hot-wire anemometer goes 
directly to the computer. The record length of each measurement has been set to 120 s and each 
signal was sampled with a rate of 30 kHz. The data was transferred to a computer passing 
through an anti-aliasing filter and processed with the Dantec MiniCTA v4.05 software. A 
MATLAB program breaks the waveform into 70 blocks, computes a spectrum for each block 
and then forms an average across the blocks. The oscillating airfoil was positioned with its 
leading edge at 10, 20 and 30 diameters, respectively, downstream of the jet exit and different 
Reynolds number flows were tested. The velocity was measured at several positions down-
stream from the airfoil trailing edge until the point where the injected mode was fully absorbed 
into the turbulence.  

An example of the hot-wire measurement results is displayed in Figure 7. This experiment was 
carried out in a flow of 𝑅𝑅𝑐𝑐𝐷𝐷=4.7 ∙ 104 , keeping a distance of 10D between the jet exit and the 
leading edge of the airfoil. The spectra were measured at increasing axial distances at 1D to 
50D from the airfoil trailing edge. These spectra are displayed in one graph with an offset of 
10 – 15 dB, between each, for clarity. Several features of this plot are noteworthy. First, it can 
be observed that the low order harmonics are created at an early stage, and several frequencies 
are observed already close to the trailing edge of the flap; note that the closest possible position 
of measurement in practice was 1D from the airfoil trailing edge. Secondly, it is seen again that 
the dynamic downstream development of the spectra, as the flow is traced further and further 
downstream, corresponds to more and more time for the turbulence to develop. Notice also that 
the third harmonic remains weaker than higher harmonics across the full downstream develop-
ment. 

This phenomenon is explained in a companion paper [19] as a result of the finite region for the 
interaction of the participating Fourier components. The spectral window, caused by the finite 
interaction region, modifies the shape of the spectrum in comparison to a spectrum created in 
an infinite region. Furthermore, the generation of the third harmonic in particular requires the 
prior creation of the 2nd harmonic in order to take place.  



Figure 7 shows that the energy associated with the injected frequency of 10 Hz depletes 
downstream, while the 20 Hz second harmonic peak initially increases and subsequently de-
creases after reaching its maximum around approximately 8D. A similar behavior can be seen 
for the higher harmonics.  The energy of the generated peaks eventually becomes absorbed in 
the developed turbulence further downstream.  This behavior is analogous to the one depicted 
in Figure 6: the transfer of energy can be both direct and indirect, but the net effect shifts the 
concentration of energy towards the small scales. 

The striking stability and sharpness of the higher harmonics in Figure 7 is noteworthy. 
Even at the late stages just before being absorbed, the positions of the peaks remain at their 
precise integer values of the airfoil excitation frequency and are apparently not smeared out by 
the surrounding turbulent velocity fluctuations. This behavior may partly arise due to the fact 
that the injected mode is characterized by a much larger energy than the ones relative to the 
general turbulence. Consequently, the interaction between harmonics wavenumbers remains 
more efficient, leading to conservation of the same multiplicity of frequencies and to make the 
initial structure visible far downstream in the jet. This result lends strong support to the ideas 
of turbulence dependency upon initial conditions [18] and provides stark contrast to the classi-
cally hypothesized universal scaling of all high Reynolds number turbulence flows at the small 
and intermediate scales.  

 
𝑅𝑅𝑐𝑐𝐷𝐷 Absorption time [s] 

2.2 ∙ 104 0.1694 
3.0 ∙ 104 0.1343 
3.6 ∙ 104 0.1124 
4.2 ∙ 104 0.0944 
4.7 ∙ 104 0.0902 

 

Table 1.  Reynolds number dependence of the time for absorption of the spectral peaks. 

Figure 7. Downstream spectrum development for ReD = 4.7 ∙ 104and 10D between the jet 
exit and the airfoil leading edge. 



The time for absorption of the peaks in Figure 6 can be found from the integration of the down-
stream decaying velocity over the downstream distance (see Table 1). The absorption time of 
the peaks, which should be of significance to turbulence modelers, depends in the current case 
on the Reynolds number. In this regard, it has been noticed that the peaks are completely ab-
sorbed always around approximately the same downstream spatial position - i.e. ~44D after 
the trailing edge of the airfoil independently of Reynolds number. This appears from the results 
to be independent of the fact that the peaks from the non-linear interactions are more pro-
nounced for higher Reynolds numbers.  
 

Experiment 3 - Vortex shedding experiment in a laminar round jet core 
Just as for the airfoil experiments, the vortex shedding measurements were carried out in a free 
round turbulent jet. The objective was to isolate the sharply defined Fourier mode injection in 
a laminar flow using a shedding generator that allowed for measurement of the very initial 
generation and development of the triadic interactions. This was not possible with the airfoil 
generated shedding, since measurements were only practical just behind the flap trailing edge 
where the energy distribution had already had ample time to develop. This setup, on the other 
hand, allows measurements from even the initial generation of the base frequency.  

The vortex shedding is induced by positioning the sharp-edged vertical rod, with an 
area section of 10x2 mm, at the nozzle outlet. As Figure 8 shows, the rod span extends across 
the entire nozzle diameter. The nozzle now under consideration has a contraction ratio of 2.4:1 
and an exit diameter of D=100 mm.  

 
In Figure 9 a flow visualization of the flow behind the vertical rod is shown. The laminar jet 
core is clearly seen in Figure 9 along with the Kelvin-Helmholtz vortices developing farther 
downstream. Downstream of the rod, the flow vortex shedding formed by the sharp edge im-
poses a single fundamental frequency. The almost laminar nature of the flow, that makes the 
wavenumber vectors approximately parallel, allows the spatial development of the spectrum to 
be closely related to the time development. This concept is important for validating the com-
parison of the experiments with the numerical simulations.  
 

Figure 8. Jet with an extended laminar core, flat rod and hot-wire anemometer probe. 



 
The same hot-wire anemometer system from Dantec Dynamics, as described previously, was 
employed. For the current experiment, the signal was captured using a PicoScope 5444B by 
Pico Technology. This scope allowed the change in both the waveform signal and the flow 
spectrum to be visualized in nearly real time, allowing therefore to quickly find the desired 
measurement points. 

The measurements were acquired with 0.5 mm intervals from 0.5 to 10 mm downstream 
from the vertical rod in a 𝑅𝑅𝑐𝑐𝐷𝐷 = 1.06 ∙ 104 flow. Figure 10 depicts a schematic of the acquisi-
tion positions in a horizontal and a vertical view, respectively.  The spanwise position was kept 
fixed to a distance of 1 mm from the rod edge.  

 

100 time-series of each 0.2 s were acquired in each measurement point with a sampling 
rate of 20 kS/s, a hardware resolution of 12 bits and sampling interval 50 µs. A spectrum has 
been computed for each spatial point, cutting out the DC part of the signal and employing a 
Hamming window function, with a range of 50 kHz. A computer simulation applying a one-
dimensional projection of Navier-Stokes equations onto the instantaneous flow direction is re-
ported in [20]. The program assumes a time record of the velocity as input and computes the 
time development of the velocity trace employing multiple incremental passes through a fluid 
control volume exposed to the effect of the terms in Navier-Stokes equations. One result from 

Figure 9. Vortex shedding flow visualization. 

Figure 10. Schematic Vortex Shedding Experiment.  



this calculation is quoted and compared to one of the vortex shedding measurements. The vor-
tex measurement time trace from the spatial point closest to the rod has been used as input to 
the computer program, so that the initial condition for the development of the velocity in the 
flow is identical to the initial velocity trace used in the program. The program uses a rectangular 
low-pass filter, which cut out the DC part of the signal and some high frequency peaks due to 
external noise, on the time traces. The spectra are then computed employing a Hamming win-
dow function, just like the PicoScope does. Note, the program uses only the terms in Navier-
Stokes equations without any approximations.     

Figure 11 reports the experimental (blue) and the computational (red) downstream dy-
namic power spectrum evolution. The plots in Figure 11a and 11b show respectively the first 
spectrum measured close to the vortex shedding rod and the spectrum measured at a distance 
of 10 mm downstream. Figures 11c and 11d show the corresponding results from the compu-
tation. From these results, the delays in the cascade wavenumber interactions are particularly 
evident. Indeed, in contrast to Figure 7, where the low order harmonics are already present 
even in the first measurement, only one evident single peak is present in the initial development 
plots of Figure 11.           
 Finally, the time scale for vortex shedding to develop and reach an ‘asymptotic’ con-
figuration (like the one shown in Figure 11b) has been computed for the considered experiment 
and was found to be equal to 0.006 s. The time was estimated from the integration of the down-
stream velocity over the downstream distance, as for the time for absorption of the peaks of 
Table 1.  

Figure 11. Comparison at 1mm (left) and 10 mm (right) from the rod edge.  
Blue: measurements. Red: computer simulations. - Step by step movie plots on-line. 

(c) (d) 

(a) (b) 



Conclusions  

The energy transfer between different scales of velocity fluctuations is a key process in the 
development of turbulence, and knowledge of the efficiency and time scales for these energy 
exchanges is crucial for the understanding of turbulence theory and for further development of 
engineering models.  
Three experiments were performed where a single Fourier mode was injected into a well-de-
fined turbulent flow and the development of the velocity power spectrum was followed as the 
flow evolved downstream. The downstream convection has been considered as a successive 
exposure of the initial velocity trace to Navier-Stokes equations in a small fluid control volume. 
This point of view allowed to compare the development of the measured spectra to the spectra 
computed by a one-dimensional computer simulation with the measured initial time trace as 
input and to compute the power spectra as this time trace was transformed by incremental ex-
posures to Navier-Stokes equations. 
Although the particular form of the measured and computed power spectra depends on the 
initial position of the measurement point and the way the Fourier mode was injected, a number 
of common properties were revealed: 

• Higher order frequency components were formed successively as a fluid element start-
ing at or near the point of injection evolved downstream in time. 

• The higher frequencies were exact multiples of the injected frequency and they retained 
their well-defined sharp spectral frequency, even in the presence of highly intense tur-
bulence. 

• Far downstream there is evidence for the spectrum to tend to an asymptotic form whose 
energy is slowly being absorbed in the surrounding turbulence. 

• The transfer of energy between modes is seen to be both direct and indirect, but it occurs 
predominantly from low wavenumbers towards higher wavenumbers.  

• In particular in the measurement of the vortex shedding, a clear delay in the interaction 
is evident.  

• Influence of the initial spectral components on the far downstream spectrum is clearly 
evident, in particular in the oscillating airfoil measurements. 
 

All in all, the measurements and computer simulations illustrate the triadic nature of the inter-
actions between Fourier components and an energy transfer with a different cascade nature 
than the one described by the K41 theory. 

References 

 
1. Kolmogorov AN., “The local structure of turbulence in incompressible viscous 

fluid for very large Reynolds numbers”, Proc. R. Soc. Lond. A (1991) 434, 9-13, 
(1941). 
 

2. L'vov V. and Procaccia I., “Hydrodynamic turbulence: a 19th century problem with 
a challenge for the 21st century,” Turbulence Modeling and Vortex Dynamics, vol. 
491, no. Lecture Notes in Physics, pp. 1-16, (2007A).  

3. Richardson LF., “Weather prediction by numerical process”, Cambridge University 
Press, (1922). 
 

https://en.wikipedia.org/wiki/Lewis_Fry_Richardson


4. Kraichnan RH., “The structure of isotropic turbulence at very high Reynolds num-
bers”, Journal of Fluid Mechanics, 5(4), 497-543, (1959). 

5. George W.K, “A 50-Year Retrospective and the Future”, in: Whither Turbulence and 
Big Data in the 21st Century?, Springer, (2017).  

6. Josserand, C., Le Berre, M., Lehner, T. et al. J Stat Phys (2017) 167: 596. 
https://doi.org/10.1007/s10955-016-1642-5 

7. Zhou Y., “Interacting scales and energy transfer in isotropic turbulence”, Report 
N94-13133, ICASE, NASA Langley Research Center, Hampton, VA 23681-0001, 
(1993).  

8. Girimaji SS. and Zhou Y., “Spectrum and energy transfer in steady Burgers turbu-
lence”, Report N95-24584, ICASE, NASA Langley Research Center, Hampton, VA 
23681, (1995).  

9. Yeung PK., Brasseur JG. and Wang Q., “Dynamics of direct large-small scale cou-
plings in coherently forced turbulence: concurrent physical and Fourier-space 
views”, J. Fluid Mech. 283, 43-95 (1995). 

10. Brasseur JG. and Corrsin S., “Spectral evolution of the Navier-Stokes equations for 
low order couplings of Fourier modes,” in Advances in Turbulence (ed. G. Comte-
Bellot & J. Mathieu), Springer, pp. 152-162, (1987).  

11. Domaradzki A. and Rogallo RS., “Local energy transfer and nonlocal interactions in 
homogeneous, isotropic turbulence,” Phys. Fluids A 2, 413, (1990). 

12. Ohkitani K. and Kida S., “Triad interactions in a forced turbulence,” Phys. Fluids A 
4, 794 (1992).  

13. Laizet S., Nedić J., and Vassilicos JC., “The spatial origin of −5/3 spectra in grid-
generated turbulence”, Physics of Fluids 27, 065115 (2015). 

14. Yeung K. and Brasseur JG., “The response of isotropic turbulence to isotropic and 
anisotropic forcing at large scales,” Phys. Fluids A 3, 884, (1991).  

15. Vassilicos JC., Dissipation in Turbulent Flows Annu. Rev. Fluid Mech. 47:95–114,( 
2015).  

16. Hunt JCR. and Carruthers DJ., “Rapid distortion theory and the ‘problems’ of turbu-
lence”, J. Fluid Mech, vol. 212, pp. 497-532, (1990). 

17. Mazellier N. and Vassilicos JC., “Turbulence without Richardson-Kolmogorov cas-
cade”, Phys. Fluids, (2010) 

18. Liao ZJ. and Su WD., “Kolmogorov’s hypotheses and global energy spectrum of tur-
bulence”, Phys. Fluids 27, 041701, (2015) 

19. Buchhave P. and Velte CM., “Dynamic triad interactions and evolving turbulence 
spectra”, Submitted for review, arXiv:1906.04756 [physics.flu-dyn]. 



20. Buchhave P., Korslund Schlander R. and Velte CM., “A 1D Navier-Stokes Machine 
and its application to turbulence studies”, to be submitted.  

21. Bo-Bin W., Gui-Xiang C., Xu C. and Zhang ZS., ” The Similarity of Non-local Triad 
Interactions in Energy Transfer of Isotropic Turbulence”, Chinese Phys. Lett.  Vol.29 
104701, (2012). 

22. Buchhave P. and Velte CM., “A 1D Navier-Stokes Machine – and what it can tell us 
about turbulence”, New Challenges in Wall Turbulence in Honour of Michel Stani-
slas, (14-16 June 2017), Lille, France.  

23. Lumley JL., “Stochastic Tools in Turbulence”, Dover edition (2007) republication of 
the work originally published by Academic Press, (1970). 

24. Gibson MM., “Spectra of Turbulence at High Reynolds Number,” Nature, vol. 195, 
pp. 1281-1283, (1962). 

25. Panchapakesan NR. and Lumley JL., “Turbulence measurements in axisymmetric 
jets of air and helium. Part 1. Air jet,” Journal of Fluid Mechanics, vol. 246, pp. 
197-223, (1993). 

26. Hussein HJ., Capp SP. and George WK., “Velocity measurements in a high-Reynolds 
number, momentum-conserving axisymmetric, turbulent jet,” Journal of Fluid Me-
chanics, vol. 258, pp. 31-75, (1994). 

27. Hinze JO., Turbulence: An Introduction to Its Mechanism and Theory, 2 ed., 
Mcgraw-Hill College, (1975). 

28. Ewing D., Frohnapfel B., George WK., Pedersen JM. and Westerweel J., “Two-point 
Similarity in the Round Jet,” Journal of Fluid Mechanics, vol. 577, pp. 309-330, 
(2007). 

29. Yaacob MR., Korslund Schlander R., Buchhave P. and Velte CM., “Experimental 
Evaluation of Kolmogorovs -5/3 and 2/3 Power Laws in the Developing Turbulent 
Round Jet”, Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 
45, (2018). 

30. Yaacob MR., Korslund Schlander R., Buchhave P. and Velte CM., “Development of 
software-driven laser Doppler anemometer (LDA) for high-accuracy turbulence 
measurements”, Proceedings of Symposium on Electrical, Mechatronics and Applied 
Science 2018 (SEMA’18), pp. 1-2, (8 November 2018).  

31. Yaacob MR., Korslund Schlander R., Buchhave P. and Velte CM., ”Mapping Of Tur-
bulent Round Jet Developing Region Using a Constant Temperature Anemometer 
(CTA)”, MJFAS, (2018). 

32. Bell JH. and Mehtaz RD., “Contraction design for small low-speed wind tunnels”, 
(1988).  

33. Capp SP., “Experimental Investigation of the Turbulent Axisymmetric Jet.” State 
University of New York, Buffalo, (1983). 

https://www.google.dk/search?tbo=p&tbm=bks&q=inauthor:%22John+L.+Lumley%22

	Experimental investigation of the turbulent cascade development by injection of single large-scale Fourier modes
	Margherita Dottia*, Rasmus Korslund Schlandera, Preben Buchhaveb and Clara Marika Veltea
	Experimental investigation of the turbulent cascade development by injection of single large-scale Fourier modes
	Margherita Dottia, Rasmus Korslund Schlandera, Preben Buchhaveb and Clara Marika Veltea
	Abstract
	Introduction
	Navier-Stokes equations
	Conclusions

	References

