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Abstract

The effect of initial conditions on the far field of a turbulent
round jet (Rλ � 450) has been examined using hot-wire mea-
surements. Two types of initial conditions have been examined:
the unperturbed jet, issuing from a nozzle in a laminar state, and
the perturbed jet, where a woven grid is placed at the jet outlet
in order to interfere with the initial development of the jet. Tur-
bulent integral quantities and small scale characteristics show
that the flow is partly reminiscent of the initial stages of the
jet development, as modified by the grid. While the first- and
second-order velocity statistics are affected only in terms of the
virtual origin, length scales (such as the Kolmogorov and the
Taylor scale) show also a different decay rate, under modified
initial conditions. The similarity of the second-order structure
functions is unaltered by the grid.

Introduction and Background

The concept of similarity has played a central role in fluid dy-
namics research. Blasius applied this approach to the study of
the laminar boundary layer over a flat plate, showing that there
is compatibility between the equations of motion and a univer-
sal velocity profile. From this, the actual profile at any stream-
wise station can be derived. The Blasius approach for laminar
flow paved the way for its extension to the similarity analysis
of turbulent flows (e.g., plane and axisymmetric jets and wakes,
[16, 20, 21, 22, 24]).

Similarity of multi-scale statistics (as opposed to one-point
statistics), such as spectra or structure functions of turbulent
quantities, has been the subject of more recent attention. An at-
tempt to investigate the similarity of multi-point statistics of ho-
mogeneous isotropic turbulence, starting from the spectral dy-
namical equation, has been made by George [10]. He showed
that self-similarity of the velocity spectra, normalized by the
Taylor scale and mean kinetic energy, is compatible with this
equation. More recently, a similar conclusion was obtained for
velocity structure functions by Antonia et al. [2].

However, the validity of universal similarity in turbulent flows
has been criticised from time to time. George [9, 10] noted that
there is no a priori reason why the influence of initial condi-
tions should be ruled out from the outset. If true, this argument
would preclude universal (namely, unchanged from one real-
ization of the same flow to another) similarity solutions. Even
though George’s suggestion remains qualitative in nature, since
there is no formal way of taking explicitly into account the ini-
tial conditions, it seems plausible, considering the large scatter
in experimental data in nominally identical flows.

Besides the role of initial conditions, but perhaps not separately
from these, is the effect coherent structures may have on the
achievement of similarity. The evolution of the large scales
could preclude a state of similarity for the complete spectrum,
because the energy may be concentrated in a few modes with
strong interactions between them. The available evidence seems
convincing. For instance, it has been noticed that in far field
of a 2D wake behind a bluff body the flow properties depend
on the coherent structures and how they were created in rela-

tion to the geometrical details of the wake generator (solidity,
shape) [25, 3]. Arguably, the role of coherent structures can be
assessed in a more specific manner compared to that of the ini-
tial conditions. Direct measurements, say of coherent vorticity
or spatial correlation, can show the influence of the large scale
structures.

In the round jet, evidence of the relationship between initial
conditions, coherent structures, and similarity is not yet com-
plete. If we discard comparisons between different experimen-
tal set-ups (since the results may be biased by different arrange-
ments and experimental techniques) there is not much left in
the literature from which a sound conclusion can be drawn on
this issue. Although many studies have been indeed devoted to
the modification of initial conditions and their effect on velocity
and scalar in the developing region of the flow ([11, 17, 23, 28]),
the extension of the analysis to the far field has not previously
been considered. When the developed region is explored, the
initial conditions are, usually, only briefly discussed. For in-
stance in two of the most recent investigations on the far field
of a round jet [12, 19] the initial conditions are not described in
great detail.

In previous works [5, 8] we examined the effect of different ini-
tial conditions on the developing region of a round jet (within
12 diameters from the exit). The disturbances created by a grid
at the exit inhibited the shear layer mode and delayed the pre-
ferred mode. The extension of the potential core was increased
by nearly 50% in the disturbed case. The effects of disc and
annular-shaped grids have been also investigated in connection
to the near field of a round jet, [14]. Here we want to docu-
ment the possible influences of the initial conditions on the far
field of a jet. This problem has been discussed in two recent
papers [26, 27], where two jets (one issuing from a contraction
nozzle and the other from a pipe) were compared. The authors
concluded that there was no appreciable effect on the turbulent
energy distribution, due to the different initial conditions, at 20
diameters downstream from the exit.

A check of the effect of the initial and boundary conditions is
apparently more within the reach of direct numerical simula-
tion. The work of Boersma et al. [4] (see also [15]) has tried to
address this issue by investigating the effect of two different ini-
tial conditions: a top-hat exit velocity profile and another with
the streamwise velocity overshooting in proximity of the bound-
ary layer. The authors claimed that: “evidence is presented in
support of the suggestion by George [9] that the details of self-
similarity depend on the initial conditions”. However, these au-
thors ran simulations only up to 45 diameters, where the flow is
only starting to be similar [22]. In a recent work [7] the simi-
larity properties of the velocity spectra and structure functions
have been studied experimentally in a turbulent round jet. It was
shown that the collapse of these quantities was best when the
Taylor microscale and the mean turbulent kinetic energy were
adopted as similarity scales.

Experimental Details

The jet was generated using an open circuit wind tunnel, located



in a relatively large laboratory. The tunnel contains a variable
speed centrifugal blower, a diffuser, a settling chamber, and a
contraction with an area ratio of 85:1. Screens and a honeycomb
are fitted inside the settling chamber to reduce the turbulence
level and to straighten the flow. The outlet circular nozzle has
a diameter D = 55 mm. The velocity probe could be traversed
along the streamwise (x), lateral (y), and vertical (z) directions
with a resolution of 0.1 mm, 0.1 mm and 0.01 mm respectively.
Two velocity components were measured: u, in the streamwise
direction, and v in the lateral (or radial) direction. The corre-
sponding uppercase quantities refer to the time-averaged values
and a prime denotes the rms value.

Two types of exit conditions are investigated: the unperturbed
jet (or case A), as it exits from a smooth contraction, and the
perturbed jet (case B). The modification of the initial conditions
was achieved by placing a grid at the jet outlet. Details of the
grid, composed of rigid woven round steel wires, are given in
table 1. The reference exit velocity, U j , was fixed at � 35 ms−1

and 32.5 ms−1 for case A and B, respectively. This yielded an
exit Reynolds number, ReD = DUj/ν (ν is the kinematic vis-
cosity of the air), of 1.3×105 and 1.2×105, for the two cases.
Further details on the initial conditions of the perturbed and un-
perturbed cases can be found in [5]. Measurements were carried
out in the far field of the jets for 30 � x/D � 90 (see also [7] for
a detailed description of the flow field characteristics).

The velocity was acquired by means of in-house hot wires and
DISA anemometers (55M01 model). X-wire probes, with an
angle between the wires of nearly 90◦ and a lateral separation
between the wires of approximately 0.8 mm, were operated at
an overheat of 1.5. The hot wires were etched from Pt-10% Rh
to a diameter of dw = 2.5µm and the active length lw was chosen
so as to have an aspect ratio l w/dw of nearly 200.

Velocity and angle calibrations were carried out in situ at the jet
exit plane. The X-wire was calibrated at several values of speed
and angle in the ranges of 40 ◦ (in steps of 10◦) and 0.9− 17.2
ms−1, respectively. This set of values was used as a look-up-
table (LUT), during the data reduction step, to estimate the ve-
locity through spline interpolations. The LUT method was ver-
ified to give, for mean longitudinal velocities below 6 ms−1,
more reliable results than the common effective angle method
[6], which assumes a constant coefficient of sensitivity for the
lateral velocity. Single wire data were used as a check of the X-
wire response, and differences in the mean values of the stream-
wise velocity were always below 2%. The anemometer signals
were acquired by means of a 16-bit AD board. Uncertainties
in the mean and rms fluctuation velocities were about 0.8% and
4%, respectively, as calculated by repeating the measurements
30 times at 60D and applying standard error estimations (1:20
odds) [18].

Velocity and Length Scales

The decay of the mean longitudinal velocity, U0, along the axis
is shown in figure 1. Data were least squares fitted according
to the model equation α = C−1

α (x−x0α)/D, where α refers to
a generic quantity (a length or a velocity scale), Cα represents
the decay rate (or growth rate, for the length scales) coefficient
and x0α is the virtual origin. From this figure, it is clear that
the decay rate (measured by the slope of the least squares fit to
the data) is unchanged between the two jets (see also table 2).
There is, however, a downstream shift in the decay origin for
case B. This can be appreciated better from the inset in figure 1,
which focuses on the initial region of the jet, from [5]. In this
reference it was shown that the grid delayed by nearly two di-
ameters the start of the decay in the axial direction. The axial
decay of u′ (figure 2) is inversely linear, as expected, with an

almost identical decay rate for both cases, but different virtual
origins. Again, the inset in the figure shows that the initial stage
of the jet is responsible for the shift.

It is worth comparing the mean turbulent energy decay of the
jets with that of grid turbulence. In the latter case, u′2 decays
following a power law with decay rates varying according to
the initial conditions, a typical range being −1.1 < m < −1.3
[20] (m is the coefficient of the power law). Parameters such as
grid solidity, geometry (planar, biplanar, woven) and shape of
the grid elements have a discernible influence on the decay rate
of the mean energy in the equilibrium region (x/M � 40, M is
the mesh size) [13]. At variance with grid turbulence, the decay
rate of u′2 for the jet is unaltered by the initial conditions, the
effect being restricted to a shift in the origin.

The ratio of the turbulence intensities in the streamwise and ra-
dial directions, u′/v′, is provided in figure 3. The two jets attain
almost exactly the same constant value (� 1.25) along the axis,
showing that, in the range investigated, an equilibrium between
the two components is reached in both cases. The ratio of the
integral scales (which are defined by the first zero-crossing of
the autocorrelation function of the velocity fluctuation), Lu/Lv,
is about 1.75 (same figure), but it shows a comparatively larger
scatter. This can be partly related to the definition of the in-
tegral scale, which is somewhat ill-conditioned. Note that the
isotropic value of this ratio is 2, thus significantly higher than
in the present cases. The ratio u ′/v′(� 1.2), although typical
for a round jet [12], is also far from the isotropic value (=1). In
figure 3, we also report the turbulence intensity, u ′/U0: its value
is around 25%, as expected for an unconfined jet [12, 19].

The rate of growth of the Kolmogorov length scale (η ≡(
ν3/〈ε〉)1/4

, where 〈ε〉 is the mean energy dissipation rate and
angular brackets denote time averaging) and the Taylor mi-
croscale (λ ≡ u′/(∂u/∂x)′) is given in figure 4. Compared to
the velocity scales, the behaviour of η and λ is more sensitive
to the initial conditions. Case B has a faster decay rate for these
two quantities, while the virtual origin is located further down-
stream (table 3), compared to case A. This is in the same di-
rection as the shift for Uj/U0 and Uj/u′. The circular jet is one
of the (few) flows for which the turbulent Reynolds number,
Rλ = λu′/ν, is considered to be constant along the streamwise
direction [22]. However, it is clear that this is true only if the
virtual origins of λ and u′ are the same, zero being a special
case. From the present results, it seems that this is not generally
valid. However, it can be noted that, as x/D becomes larger, the
product of λ and u′ becomes less sensitive to the value of the
virtual origins. Thus Rλ approaches a constant value.

Case U j M t D/M σ
(ms−1) (mm) (mm) − −

A (unperturbed) 35.0 − − − −
B (perturbed) 32.5 3.2 0.7 � 16 0.44

Table 1: Jet configurations investigated. M: mesh size; t: mesh
wire diameter; σ: solidity.

Case CUj/U0
x0Uj/U0

/D CUj/u′ x0Uj/u′ /D

A 5.98 4.32 1.51 −1.43
B 6.06 5.68 1.50 1.01

Table 2: Decay rate characteristics of the velocity scales.

Similarity of the Structure Functions

The second-order structure functions of the turbulent kinetic en-
ergy,

〈
(δq)2

〉
=

〈
(δu)2

〉
+ 2

〈
(δv)2

〉
, where δ• ≡ •(x+ r)−



Case Cη x0η/D Cλ x0λ/D
(m−1) − (m−1) −

A 3.38×105 −1.79 8.08×103 −3.03
B 3.08×105 1.96 7.64×103 −0.08

Table 3: Decay rate characteristics of the length scales.

•(x) is the difference of a quantity •(= u or v) between two
points separated by r along the streamwise direction are given
in figure 5. Since Rλ is constant along the axis (with the speci-
fications given before), in each case these functions are in simi-
larity [7]. This is reflected in the collapse of the normalized pro-

files of
〈
(δq)2

〉
measured at different axial locations. However,

the initial conditions do not alter the collapse; this would have
been apparent had the structure functions not been shifted to im-

prove clarity. The third-order structure function
〈
(δu) (δq)2

〉

(not shown here) indicate that the similarity is also valid at this
order, even though the scatter is larger, as expected for odd-
order moments. It is worth noting that the similarity condi-
tion of the structure functions involves both velocity and length
scales, since they are both used to normalize the profiles. Thus,
even though the length scales are more sensitive to the initial

conditions, the normalized form of
〈
(δq)2

〉
can absorb these

variations to yield a unique self-similar profile.

Conclusions

Similarity ideas continue to play a central role in the description
of fluids dynamics. Recently, it has become evident that univer-
sal similarity solution are not possible for certain types of flows
[1, 2, 9, 10]. For instance, grid turbulence, arguably the most
basic type of turbulent flow that can be set up in a laboratory,
shows a dependence on the initial generation of the flow [13].
In this regard, it can be speculated that the details of the large
scales production behind the grid can have a lasting influence
on the subsequent evolution of the flow [9] in terms of the re-
distribution of energy among the velocity components and the
mean energy decay rate. The present results, for the far field of a
perturbed and an unperturbed round jet, show that, on one hand,
basic quantities, such as the decay rate of the mean velocity and
mean energy, are not influenced by a modification in the initial
conditions in a significant way; for these two quantities, only a
shift in the virtual origin is detected. On the other hand, the de-
cay of the Kolmogorov and Taylor length scales is modified in
terms of the growth rate and virtual origin, even though the for-
mer remains linear. Profiles of the normalized second-order ve-
locity structure functions indicate that similarity is not affected
by the initial conditions. This is at odds with grid turbulence,
where the initial conditions have an influence on the shape of
the second-order structure functions even at large distance from
the grid. It is plausible that, in the case of the jet, the coher-
ent structures generated in the developing region evolve more
rapidly towards an equilibrium state, compared to grid turbu-
lence. This is compatible with the observed self-similarity of
the multi-scale distribution of the turbulent energy measured at
different axial locations.
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