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Abstract Direct and large-eddy simulations (DNS/LES) of accelerating round jets are used to analyze the
effects of acceleration on the kinematics of vortex rings in the near field of the jet (x/D < 12). The acceleration
is obtained by increasing the nozzle jet velocity with time, in a previously established (steady) jet, and ends
once the inlet jet velocity is equal to twice its initial value. Several acceleration rates (α = 0.02–0.6) and Rey-
nolds numbers (ReD = 500–20000) were simulated. Acceleration maps were used to make a detailed study of
the kinematics of vortex rings in accelerating jets. One of the effects of the acceleration is to cause a number
of new primary and secondary vortex merging events that are absent from steady jets. As the acceleration rate
α increases, both the number of primary merging events between rings and the axial position where these take
place decreases. The statistics for the speed of the starting ring that forms at the start of the acceleration phase
for each simulation, agree well with the statistics for the “front” speed observed by Zhang and Johari (Phys
Fluids 8:2185–2195, 1996). Acceleration maps and flow visualizations show that during the acceleration phase
the near field coherent vortices become smaller and are formed at an higher frequency than in the steady jet,
and their (mean) shedding frequency increases linearly with the acceleration rate. Finally, it was observed that
the acceleration decreases the spreading rate of the jet, in agreement with previous experimental works.

Keywords Free shear layers · Coherent structures · Direct numerical simulations · Large-eddy simulations ·
Turbulent jets · Vortex dynamics
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1 Introduction

Inherent unsteadiness of the driving conditions characterizes many engineering and natural flows. The blood
flow in large arteries, the flow around swimming fish, the flow in the intake of combustion engines and the flow
in piston driven pumps are some examples of flows dominated by unsteady phenomena. Despite their physical
relevance unsteady flows have received considerably little attention compared to steady flows, because the
addition of the unsteadiness complicates the analysis of these flows. However, a detailed understanding of the
unsteady effects in many flows is highly relevant to many disciplines as demonstrated by the number of recent
articles dealing with unsteady flow phenomena, e.g., Shukla and Eldredge [12] and Wolf et al. [13].

Concerning unsteady free shear layers the great majority of the existing works deal with active jet control
due to its numerous potential industrial applications, e.g., mixing, combustion, and aero-acoustics. However,
a relatively small number of works analyzed the effects of acceleration in jets, where the acceleration consists
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in increasing the nozzle jet velocity—and thus the mass flow rate and the Reynolds number—in a previously
established (steady) jet.

Breidenthal [2] postulated the existence of a new self-similar turbulent jet—the exponential jet—where
each eddy has a constant vorticity throughout its life. For this to occur the nozzle exit speed must increase
exponentially with time. He inferred that the entrainment of ambient fluid is strongly inhibited in these jets
because the “entrainment appetite” of the coherent structures from the jet is completely satisfied by the accel-
erating nozzle stream. Measurements of linearly accelerating jets (starting with zero nozzle velocity) were
made by Kato et al. [10] and showed that the acceleration modifies significantly both the jet mixing and the
entrainment rate compared to the steady jet. Kouros et al. [11] reported the spreading rate and penetration length
in experimental accelerated jets generated from gravity an found that the spreading rate of the accelerated jet
was about 50% smaller than the classical (steady) jet.

Zhang and Johari [15] studied experimentally the effects of acceleration in jets using linear, quadratic and
exponential accelerations, where the acceleration starts in a previously established (steady) jet with Reynolds
number ReD = 3 × 103 and ends once the Reynolds number reaches ReD = 3 × 104. For each type of
accelerated jet several acceleration rates were considered. As the flow accelerated a discernible “front” was
established where parcels of less diluted dye are seen to travel downstream at a given (constant) speed. This
speed was observed to depend on the acceleration rate and a model for the evolution of the front position was
developed. They observed also, in agreement with previous works, that the acceleration decreases the visible
spreading rate of accelerating jets compared to a steady jet at the same Reynolds number.

Johari and Paduano [9] studied the mixing in experimental gravity-driven jets where jet nozzle velocity
increases initially from zero to a maximum, and decreases continually after. This study showed that in the
same way as the jet mixing and spreading rate is seen to increase during the acceleration phase, the inverse
occurs during deceleration, i.e., decelerated jets exhibit larger spreading and mixing rates compared to steady
jets.

Recently, Abani and Reitz [1] developed a model to predict the velocity distribution in round jets with time-
varying nozzle velocities. The model is derived from the classical Helmholtz vortex motion theory and was
used for several shapes of the temporal nozzle jet velocity, including accelerated jets with linear, quadratic, and
exponential functions. They performed the first numerical study of unsteady accelerated jets using unsteady
Reynolds averaged Navier–Stokes (URANS) simulations with a variant of the k − ε turbulence model. Their
model and simulations showed good agreement with the experimental results of Zhang and Johari [15].

Since the jet dynamics, particularly in the near field, is to a large extent dictated by the large scale coherent
vortices from the flow, it is important to understand the dynamics of these vortices in accelerated jets in order
to explain the observed effects of acceleration in the spreading and mixing rates of jets. As a first step towards
this goal the present work uses direct and large-eddy simulations (DNS/LES) of accelerated jets in order to
analyze the kinematics of the near field coherent structures in these flows. To the author’s knowledge this work
presents the first DNS and LES of accelerated jets.

2 DNS and LES of accelerating jets

2.1 Numerical method

The simulations were performed with a highly accurate Navier–Stokes solver in which the spatial derivatives
are discretized using a 6th order Compact scheme in the streamwise (x) direction and pseudo-spectral methods
in the y and z directions. Temporal advancement is achieved with an explicit three-step, 3rd order, low-storage
Runge–Kutta time-stepping scheme[5]. This code was extensively validated in numerical simulations of round,
plane and coaxial jets [4–6].

3 Physical and computational parameters

The simulations reported here are very similar to the “natural” jet simulations (“NLR” and “NHR”) described
in detail in da Silva and Métais [5]. Therefore, only a brief description will be given here. As in reference [5]
all the simulations were carried out on the same mesh with 201 × 128 × 128 grid points along the x , y, and
z directions, and the computational domain extends to 12.25D × 7D × 7D along the streamwise and the two
transverse directions, respectively, where D is the jet nozzle diameter. The ratio of the jet radius to the initial
shear layer momentum thickness is R/θ0 = 12. For each time step t , a given velocity profile is prescribed
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Table 1 Non-dimensional time elapsed during the acceleration phase for each acceleration parameter

α 0.02 0.04 0.06 0.08 0.10 0.20 0.40 0.60
�t∗ 40–90 40–65 40–57 40–53 40–50 40–45 40–43 40–41

at the inlet, U(x0, t) = Umed(x0, t) + Unoise(x0, t) + Uforc(x0, t), where U(x0, t) is the instantaneous inlet
velocity vector, Umed(x0, t) = (Umed, 0, 0) is the mean streamwise velocity, and Unoise(x0, t) is a function
that sets a small amplitude spectral noise (1%) near the region with the highest mean velocity gradient (see
[5]). As in reference [5] Umed is given by a hyperbolic-tangent profile,
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where U1(t) is the jet centerline velocity, U2 is a small co-flow and θ0 is the momentum thickness of the initial
shear layer. The acceleration is imposed through a function that sets a (linear) temporal variation on U1(t)
defined in Eq. (1): U1(t) = U01 (1 + αt), where α is the acceleration parameter and U01 is the initial maximum
jet velocity. For each run, prior to the acceleration phase, all the simulations were run for t∗0 = t (U01/D) = 40
in order to allow the steady jet to be completely established. The initial Reynolds number of the flow is
Rei

D = U01 D/ν and for t∗ ≥ t∗0 the acceleration phase starts. During the acceleration the Reynolds number
increases linearly with time Rea

D(t) = U1(t)D/ν. The acceleration phase ends when the Reynolds number—

and the jet centerline velocity U1(t)—reaches twice its initial value, i.e., when Re f
D = 2Rei

D . Notice that the
ratio R/θ = 12 is maintained throughout the acceleration. In some simulations a function Uforc(x0, t) is used
to impose a sinusoidal perturbation with prescribed frequency f and 5% amplitude at the inlet nozzle of the
jet. The prescribed frequency was chosen to have a Strouhal number equal to the preferred mode of the steady
jet, which in these simulations is StD = f D/U1(t) ≈ 0.38, for t ≤ t0. As shown by Crow and Champagne
[3] imposing a frequency near the preferred mode tends to increase the strength of the primary vortex ring
structures, which are shed at this particular frequency.

Several DNS and LES of accelerating jets were carried out using various acceleration rates α. The main bulk
of the simulations consists in DNS where the final Reynolds number (after the acceleration) is Re f

D = 1000
(Rei

D = 500). Table 1 lists the values of α used and the non-dimensional time elapsed during the acceleration

phase for each case. Another set of DNS was run for Re f
D = 2000, and LES using the Filtered structure

function model [7] were also performed with Re f
D = 20000. In most simulations the imposed sinusoidal

perturbation Uforc(x0, t) was used in order to allow an easier tracking of the flow coherent structures during
the acceleration phase; however, several simulations were also carried out without this forcing function in
order to assess if its presence influences the results obtained. As described below the forcing frequency does
not influence the main results and conclusions.

In the present work we are interested in the near field of the jet; therefore, it is crucial that the correct insta-
bilities from the near field of the jet, i.e., the shear layer mode and the preferred mode are well captured. We
use here the same numerical scheme and mesh used in another work [5], where these issues were thoroughly
assessed and validated, e.g., the agreement with the theoretical shear layer and preferred modes of the jet was
excellent. Moreover, in the present work we have substantially more collocation points in the initial shear layer
region than in reference [5], since in the present work we use R/θ = 12 against R/θ = 20 in da Silva and
Métais [5]. As shown below in Fig. 8a during and after the acceleration phase the frequencies obtained here
correspond to a Strouhal number of StrD ≈ 0.38 which agrees very well with the theoretical value.

Furthermore, since the Reynolds numbers simulated here are always smaller than in reference [5] where
the agreement with the available experimental data was excellent, we conclude that this mesh must be also
sufficient to simulate the jet at the far field.

4 Results

4.1 Effect of acceleration in the spreading rate of jets

In agreement with all the previous experimental works on accelerated jets, e.g., Zhang and Johari [15] in all our
simulations we observed that during the acceleration phase the spreading rate of the jet decreases compared
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Fig. 1 Instantaneous shear layer thickness δ(x) for accelerated jets: a as function of time for the simulation with acceleration rate
α = 0.02; b at non-dimensional time t∗ = 48 for several acceleration rates α = 0.02, 0.04, 0.06, and 0.08

to the spreading rate of the steady jet. To illustrate this Fig. 1a shows the instantaneous jet half-width δ(x)
obtained with the instantaneous velocity field of the jet for the simulation with α = 0.02. Prior the acceleration
phase the instantaneous half-width shows some wiggles which are caused by the passage vortex ring structures.
After the start of the acceleration (t∗ = 40) the jet half-width decreases with time attaining a more or less
constant function during rest of the acceleration. After the acceleration phase the jet half-width rises again.
Moreover, in agreement with Zhang and Johari [15], the decrease of the jet spreading rate is higher for higher
acceleration rates as shown in Fig. 1b where instantaneous values of δ(x) are shown at a given time from the
start of the acceleration phase t∗ = 48 for several acceleration rates.

4.2 Coherent vortices in the near field of accelerating jets

Figure 2 shows iso-surfaces of positive Q where Q = 1
2 (�i j�i j −Si j Si j ) is the second invariant of the velocity

gradient tensor for the simulation with α = 0.06. Prior to the acceleration, in agreement with da Silva and
Métais [5], at the end of the potential core the flow exhibits ring-shaped vortices that are shed with a frequency
corresponding to a Strouhal number of StrD = f D/U1(t) ≈ 0.038 (with t ≤ t0), indicating the jet preferred
mode. However, during the acceleration the flow forms vortex rings with smaller core diameter than in the
steady jet (aa < ai ), and these are shed at an higher frequency than the preferred mode. Figure 2 corresponds
to t∗ = 45, i.e., shortly after the start of the acceleration, and still shows the larger ring vortices from the steady
jet regime, which are followed by smaller ring shaped vortices generated during the acceleration phase. Due
to the acceleration some vortex rings merge generating new (larger) vortices, such as the one at x/D ≈ 4. For

Fig. 2 Iso-surfaces of positive Q, where Q is the second invariant of the velocity gradient tensor in the near field (x/D < 12)
for the accelerating jet simulation with α = 0.06
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each simulation a new vortex ring is formed right at the start of the acceleration phase. Due to the vortex fusions
this first ring tends to be bigger than the following structures. We label this first ring from the acceleration
the starting vortex, although it is clear that from the start of the simulation, as a steady (non-accelerating) jet,
many vortex rings have formed by the time the acceleration starts. After the end of the acceleration phase the
flow again exhibits vortex ring structures that are shed at a frequency corresponding to the jet preferred mode
(see below).

4.3 Acceleration maps

In order to analyze the kinematics of the vortex ring motion we use acceleration maps where for each time
we plot the instantaneous value of Q(x, r, t), where r is the radial coordinate where the mean velocity is half
its maximum. The vortex rings are identified by the threshold Q ≥ 0.01(U01/H). Plotting all the lines of
Q(x, r, t) for each time t we obtain the acceleration maps. Figure 3 shows the acceleration map for α = 0.06
between 30 < t∗ < 70 and illustrates the typical features of accelerated jets. The trajectory of each vortex
ring is clearly identified in these figures by the grey oblique lines. The local velocity of each ring is equal to
the slope of the tangent to its trajectory line v∗ = ∂x∗/∂t∗, and the frequency of the vortex ring shedding
may be obtained from the distance between two neighboring trajectory lines for a given axial distance x∗.
One observes clearly three distinct zones: before (t∗ < 40), during (40 < t∗ < 57), and after (t∗ > 57)
the acceleration. Outside the acceleration phase the vortex rings travel with an approximately constant speed,
where v∗(t∗ > 57) > v∗(t∗ < 40) due to the higher mean jet velocity after the acceleration. Notice that during
the acceleration phase the shedding frequency of the vortex rings is higher than before or after the acceleration.
Merging events between vortex rings are identified when two vortex trajectories merge into one, e.g., a primary
merging event occurs at (t∗, x∗) ≈ (50, 4), and a secondary merging occurs at (t∗, x∗) ≈ (58, 10). A series
of primary merging events takes place at a mean distance of about HA = x∗ ≈ 4, while secondary merger
occurs at about HB = x∗ ≈ 8 − 10. The acceleration maps were used to compute the number of primary and
secondary merging events between vortex rings for all the simulations as described in Sect. 4.5.

4.4 Speed of the starting vortex during the acceleration

In their experiments of accelerated jets, Zhang and Johari [15] observed the formation of a distinctive “front”
where parcels of less diluted dye were seen to travel downstream at a constant speed. They measured the front
speed during the acceleration phase and observed that the front does not affect the structure of the jet for those
axial locations of the jet which are located downstream of the front position.

It seems plausible that this font is created by the amalgamation of fluid caused by the starting vortex that
emerges at the start of the acceleration phase. Since this particularly large vortex ring tends to engulf other
smaller rings during its downstream displacement, it will tend to cause a local increase in the dye concentration
in its vicinity in much the same way as it increases its vorticity content from each vortex ring absorbed during
its downstream displacement.

Fig. 3 Acceleration map for the simulation with α = 0.06 showing the trajectories of the vortex rings before (t∗ < 40), during
(40 < t∗ < 57), and after (t∗ > 57) the acceleration phase
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Fig. 4 Velocity of the starting jet UT for the acceleration rates α = 0.02 to 0.10 in the present work (squares) for ReD = 500–1000.
The velocities were computed using the vortex ring trajectories between x/D = 10 and 11 identified in the acceleration maps
and are compared with results for the speed of the front position (circles) by Zhang and Johari [15]. We obtain ∂UT /∂α ≈ 3.8
against 3.3 in Zhang and Johari [15]

In the present work no passive scalar was simulated together with the Navier–Stokes equations and therefore
an analysis of the front characteristics and dynamics cannot be assessed directly in our simulations. However,
if the above supposition that the “front” observed by Zhang and Johari [15] and the starting vortex ring coincide
is correct we can compare our results for the starting vortex rings using the accelerating maps with the results
for the “front” dynamics from reference [15]. The results from this analysis are summarized in Fig. 4.

In Fig. 4 the speed of the starting vortex obtained in the present simulations (squares) is compared with
the experimental results obtained by Zhang and Johari [15] (circles) as function of the acceleration rate α. The
comparison is made for α = 0.02 to 0.10 since for values of α greater than 0.10 the speed of the starting ring
changes appreciably during the acceleration due to several merging events near x/D ∼ 10 and it is difficult to
obtain the speed of the starting vortex ring accurately (see below). As can be seen in Fig. 4 the slopes of the
two data sets are quite similar. Notice that due to the different values of the jet velocity prior to the acceleration
phase in the numerical and in the experimental data, only the slopes of the two data sets should be used for
comparison. We obtain ∂UT /∂α ≈ 3.8 against 3.3 in reference [15].

This good agreement is particularly remarkable bearing in mind that the present simulation is concerned
only with the near field of the jet x/D < 12 whereas Zhang and Johari [15] analyzed the jet far field (up to
x/D ∼ 80) and their smallest axial location analyzed is bigger than our maximum axial location. Furthermore,
the range of Reynolds numbers analyzed by them is quite different from ours (ReD = 3000–30000 in [15]).
Even if they claim that the Reynolds number is not an important parameter for this problem, this might not
be true anymore for Reynolds numbers as low as ours (ReD = 500–1000). We made other simulations at
much higher Reynolds numbers but the accelerating maps cannot be used to track down the vortex rings for
these simulations since at high Reynolds numbers these structures are fragmented and their “imprint” in the
acceleration maps is deficient for this purpose.

The above comparison is maybe not sufficient to set definitively this issue of the identity between the front
position and the starting vortex, we do think however that the present results are encouraging. New numerical
simulations involving the addition of a passive scalar field and higher Reynolds numbers are needed to address
this question.

Using the acceleration maps we computed also the mean location for the primary merging events HA for
all the acceleration rates α. The results are displayed in Fig. 5 and show that HA decreases as the acceleration
rate increases from HA = 7 for α = 0.02 to HA = 0 for α = 0.04 and 0.06, i.e., for the largest acceleration
rates used in this study no primary merger can be observed for the initial vortex ring structures, since the
acceleration phase is too short.

4.5 Number of merging events in accelerating jets

Figure 6 shows the acceleration maps for the simulations corresponding to α = 0.06–0.60, and the number of
merging events obtained from the analysis of the acceleration maps is summarized in Fig. 7a, b. As can be seen
from Fig. 6 each acceleration rate has a different vortex merging scenario. A fundamental difference exists
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Fig. 5 Average location of the primary merging event HA for several acceleration rates α

Fig. 6 Acceleration maps for several acceleration rates 0.06 ≤ α ≤ 0.60. The maps for α = 0.02 and 0.04 are qualitatively
similar to the maps for α = 0.06 or 0.08

between the simulations corresponding to the smaller acceleration rates (0.02 ≤ α ≤ 0.10), and the bigger
acceleration rates (0.40 ≤ α ≤ 0.60). For the bigger acceleration cases (Figs. 6, 7b) we see that the region
corresponding to the primary vortex merging with height HA does not exist because all the newly generated
vorticity is absorbed by the starting vortex. For instance, in Fig. 6 for α = 0.60 we see that the three vortex
merging events that are visible at about t∗ ∼ 45–48 all take place with the starting vortex. Therefore, since
in these cases the region of the primary vortex merging events does not exist we do not speak in primary
merging events for α ≥ 0.40 (see Fig. 7b) even though there can be no secondary merging without primary
merging having taken place first. For these bigger acceleration rates the main observation is that the number
of merging events associated with the startling vortex tends to increase with the acceleration rate: we see two
ring fusions for α = 0.40 and three for α = 0.60, respectively. More fusions would be seen if the extent of
the computational domain were bigger. Notice that some other vortex fusions exist for the cases α = 0.40 and
0.60, but these were not accounted for in the merging statistics in Fig. 7b since they take place after the end of
the acceleration phase.



294 C. B. da Silva et al.

α
0 0.02 0.04 0.06 0.08 0.1 0.12

0

5

10

15
Primary
Secondary
Total

α
0.2 0.3 0.4 0.5 0.6

0

5

10

15
Primary
Secondary
Total

(a) (b)

Fig. 7 Number of merging events between pairs of consecutive vortex rings: a Small acceleration rates α = 0.02–0.10; b Big
acceleration rates α = 0.20 − 0.60

For smaller acceleration rates 0.02 ≤ α ≤ 0.20 (Figs. 6, 7a) a primary vortex merger region, with mean
height HA does exist. Careful analysis of the acceleration maps shows that the number of merging events
in this region tends to decrease as the acceleration rate α increases. For instance for α = 0.06 we have ∼9
events against ∼6 for α = 0.08. As described below, it was observed that the vortex shedding frequency of
the primary vortex rings increases linearly with the acceleration rate, which potentially increases the number
of opportunities for vortex merger. However, the temporal extent of the acceleration phase decreases as the
acceleration rate increases. The overall result seems to be close to a linear decrease in the total number of
vortex fusions as shown in the data collected in Fig. 7a. Concerning the secondary merging its interesting to
note that the number of secondary vortex ring fusions is more or less independent of the acceleration rate α,
i.e., we obtain about ∼2 vortex ring fusions in this region irrespective of the acceleration rate. The relatively
small size of the computational domain prevents us from analyzing the secondary merging in more detail. This
should be pursued in future works.

4.6 Vortex shedding frequency in accelerating jets

Figure 8a shows the vortex shedding frequency f of the primary rings at x∗ = x/D = 2 computed from the
acceleration maps for several acceleration rates, and Fig. 8b displays the same data using the Strouhal number
(StrD = f (t)D/U1(t)). Before and after the acceleration phase the rings are advected with a frequency that

t*

fr
eq

ue
nc

y

30 40 50 60 70 80 90
0

1

2

3

4
α = 0.02
α = 0.04
α = 0.06
α = 0.08
α = 0.10

t*

S
tr

D

30 40 50 60 70 80 90
0

0.5

1

1.5

2
α = 0.02
α = 0.04
α = 0.06
α = 0.08
α = 0.10

(a) (b)

Fig. 8 Vortex ring shedding frequency for the present simulations at x/D = 2: a Frequency (the thinner lines represent the
imposed frequency at the inlet, which agrees at all times with the theoretical value for the preferred mode); b Strouhal number
based on the jet diameter
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Fig. 9 Mean vortex shedding frequency 〈 f A〉 as a function of the acceleration rate α

is exactly equal to the prescribed frequency, chosen as the preferred jet mode. Notice that the corresponding
shear layer mode is in good agreement with the classical linear stability theory with Strθ ≈ 0.01624. However,
for some reason during the acceleration phase the rings are formed at a higher frequency than the imposed
(forced) frequency, and this frequency increases during the acceleration phase. Once the acceleration ends
the flow needs some time to recover the preferred jet mode, and this recovery time also increases with the
acceleration rate α.

Clearly this issue needs further work. It is not clear whether the classical theory of vortex ring formation
in piston–cylinder arrangements (e.g., vortex pinch-off [8] could be used to explain this behavior since recent
results from Yu et al. [14] seem to imply that the theory of the formation number does not give good results
to vortex rings formed in unsteady jets driven by gravity. The vortex rings from jets are formed because of
the well known Kelvin–Helmholtz instability mechanism and it is possible that the acceleration somehow
modifies its characteristics. Another hypothesis is that some sort of minimization of energy takes place during
the acceleration.

Figure 9 shows that the mean vortex shedding frequency 〈 f A〉 as function of α is approximately linear dur-
ing the acceleration. In the present study we obtain ∂〈 f A〉/∂α ≈ 18.75. The mechanisms behind this surprising
behavior of the vortex shedding frequency are unclear at the moment, however this result is consistent with
the inviscid theory of isolated vortex rings: since the circulation of the rings 	 increases linearly with time for
linearly accelerated jets [1] the same has to be true also of the vorticity of individual rings � ∼ 	/a2 (a is the
core radius of the rings). Consider a given region of space, e.g., a box domain (of unit length) enclosing rings
in the near field of the jet. The total vorticity in this box for a steady jet is �box ∼ � f/UT where f is the
vortex shedding frequency and UT ∼ 	/R is the speed of the vortex rings of radius R. The frequency f has
to increase with time for the total box vorticity to increase also during the acceleration. A somehow similar
phenomena seems to occur in vortex rings generated from piston/cylinder arrangement with large piston stroke
to diameter ratios [8].

4.7 Influence of the Reynolds number and forcing frequency

In order to assess if the Reynolds number or the prescribed forcing frequency modifies the results described
above several new simulations were carried out: a DNS with Re f

D = 2000 and an LES with Re f
D = 20000,

both for α = 0.06. Moreover, all the simulations were run again, including the new DNS and LES, but without
adding any forcing frequency to the inlet instantaneous velocity profile. It is more difficult to analyze the kine-
matics of the coherent vortices with these new simulations using the acceleration maps alone since the near
field vortex rings are much more fragmented and are more difficult to track down; however, visualizations,
animations and energy spectra at several different locations showed that the Reynolds number and forcing
frequency have no effect on the previous results.

5 Conclusion

This work presents the first DNS and LES of accelerated jets, with Reynolds numbers ranging from ReD = 500
to 20000. The acceleration is obtained by increasing the mass flow rate in a previously established (steady)
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jet, and ends once the inlet jet velocity is equal to twice its initial value. Only linear acceleration rates were
considered with acceleration rates ranging from α = 0.02 to 0.6.

It was observed that, in agreement with previous experimental works, the acceleration decreases the spread-
ing rate of the jet compared to the steady (non-accelerated) jet. The statistics for the speed of the starting ring
that forms at the start of the acceleration phase for each simulation agree well with the statistics for the “front”
position observed by Zhang and Johari [15].

The work focuses on the effects of the acceleration on the kinematics of the vortex rings from the near field
of the jet (x/D < 12). Acceleration maps were designed to track down each vortex ring from each simulation.
From these maps the local velocity of the rings, their shedding frequency, and the number of merging events
with other rings can be computed. This allowed a detailed study of the kinematics of these structures during
the acceleration phase in jets.

The acceleration results in a number of primary and secondary vortex merger events in the near field of
the accelerating jet, that are usually absent from steady (non-accelerating jets). For the range of accelerations
studied in this work, as the acceleration rate α increases, both the number of primary merging events between
rings and the axial position where these take place decreases.

Another effect of the acceleration on the kinematics of the near field vortex ring structures is to increase their
shedding frequency compared to the preferred frequency of the steady jet, and this vortex shedding frequency
increases linearly with the acceleration rate. The analysis of the acceleration maps and flow visualizations
showed also that during the acceleration phase the primary ring vortices become smaller than in the steady jet.
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