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High-Fidelity Large-Eddy Simulation of a

Pulsed Jet Actuator

Özgür Yalçın, Xavier Gloerfelt, Georges Saliba, Ahmad Batikh, and Lucien Baldas

1 Introduction

Pulsed jet actuators (PJAs) are a type of fluidic oscillators that can be served as an

active flow control device on lifting bodies. PJAs are able to provide an unsteady pe-

riodic blowing in a wide frequency range, which adds momentum to the boundary

layer to prevent separation, and thereby enhancing the aerodynamic performances

[2]. This kind of fluidic oscillator has no moving parts and induces the oscillation

using only its internal unsteady flow dynamics, which makes it attractive for appli-

cations given its robust design and installation [9].

The geometry of the PJA examined in this study is given in Figure 1. A jet

through a nozzle that is supplied by a pressurized flow in a reservoir attaches on

the side wall of one of the branches due to the Coanda effect [5]. While the flow

partially exits from the actuator outlet located on the same side, the bi-stable at-

tached flow starts to fill the feedback loop with a compression wave. When this

wave reaches the control nozzle, it triggers a detachment of the attached jet, which

is followed by a recirculation bubble growing between the side wall and the jet.

Meanwhile, an expansion wave reflected from the control nozzle travels back to

the branch exit. This back-and-forth traveling of the pressure wave inside the loop

causes pressure differences between the two branch exits as well as the two control

nozzles [10]. The combined effect of these pressure differences and the recircula-
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tion zone growth make the jet switch to the other side, and the same procedure is

repeated. The switching of the jet provides an oscillatory blowing at the outlets.

The oscillation period, which is one of the critical design parameters in active

flow control, is simply a combination of the travel time of the pressure waves inside

the feedback loops and the switching time of the main jet. As the feedback loop

length increases, the switching time becomes negligible. For this scenario, some

simple algebraic formulas suggested in literature can provide reasonable prediction

of the oscillation frequencies. However, the switching time still remains a mystery.

There have been very few studies focused on understanding the switching period,

which are mainly restricted to subsonic nozzle jets [7]. Besides, most of the numer-

ical studies on this topic are based on unsteady Reynolds-Averaged Navier-Stokes

(URANS) simulations. Although URANS approaches could predict the frequency

of the oscillations having negligible switching time, they failed to predict the mag-

nitude and profile of the exit velocity [10, 1], which is another critical design param-

eter. In order to obtain internal and external flow fields accurately, and to understand

the unsteady and highly compressible flow dynamics of the switching phenomenon,

a high-fidelity numerical analysis is required [6]. For this purpose, a high-order

Large-Eddy Simulation (LES) inside of the PJA studied in [8] has been performed

and analyzed in the present study. This PJA, also shown in Figure 1, has relatively

short feedback loops, yielding a non negligible switching time. It thus constitutes a

good test case to investigate the mechanisms behind the switching time.

This paper includes the solver description, the computational setup, and the nu-

merical results with discussions. The result section is mainly focused on the com-

parisons with measurements and URANS results, which are described in [8].

2 Flow Solver and Computational Setup

The numerical simulation is performed using a research code, called MUSICAA

(MUltiscale Solver In Computational Aeroacoustics and Aerodynamics). The 3D

filtered compressible Navier-Stokes equations are solved by a wall-resolved LES

(WRLES) strategy that models the subgrid motions numerically with a Regulariza-

tion Term approach, i.e. without using an explicit subgrid scale model. The inviscid

fluxes are discretized by means of 10th-order standard centred differences whereas

4th-order is used for viscous fluxes. In order to introduce a minimal amount of nu-

merical dissipation while ensuring computational robustness for compressible flow

simulations, the centered scheme is supplemented by a high-order nonlinear fil-

tering term, combining 2nd- and 10th-order derivatives approximated by standard

central differences. The activation of the low-order term rests on a modified Jame-

son’s pressure-based shock sensor. A four-stage Runge-Kutta algorithm is used for

time integration and a 4th-order implicit residual smoothing method (IRS4) is imple-

mented to enlarge the stability and allow the use of larger timesteps. The curvilinear

grid is taken into account by a coordinate transformation. More details can be found

in [4].



High-Fidelity Large-Eddy Simulation of a Pulsed Jet Actuator 3

The computational domain covers both the internal and external fields of the PJA,

from the inlet reservoir to the farfield. Figure 1 shows the multiblock domain with

structured grids. A subsonic inlet boundary condition based on Riemann invariants

is enforced at the inlet by specifying the ratios of the inlet total pressure to the

freestream static one (pt,in/pfs). At the farfield boundaries, non-reflective boundary

conditions based on asymptotic solutions of linearized Euler equations are applied.

All walls are treated by no-slip conditions. The 2D domain given in Figure 1 has

the same internal geometry as the experimented PJA, where the nozzle width is 0.2
mm. The domain is extruded uniformly along the third direction where periodicity

is enforced. The reason is that in the experiment, the depth-to-width ratio is 35,

which is assumed to be large enough to neglect the depthwise wall effects. The

depth of the computational domain is chosen as 2.5 times of the nozzle exit width,

considering the jet size which is limited by the distance between the nozzle exit and

the splitter edge as well as the branch inlet widths. The mesh generation for each

block is started by taking the non dimensional first cell height as 1 wall unit. The

maximum streamwise grid spacing is 30 wall units, whereas the spanwise one is 15.

In the whole domain, the grid stretching ratios are no more than 1.05. In total, the

grid consists of approximately 1 million nodes in 2D, and has 30 nodes in the third

direction.
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Fig. 1 Multiblock structured grid of the PJA.

Every four cells are shown. The subframe

zooms the switching area.
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Fig. 2 Nondimensional two-point spanwise cor-

relation at the center of the jet switching region.

3 Results

The simulations are performed for three different pt,in/pfs values: 1.5,2.0, and 2.5.

For each simulation, approximately 1000 CPU processors are used, each of which
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has a single domain with 30× 30× 30 grid nodes. The time steps are 5.0× 10−9

s, 3.5× 10−9 s, and 1.5× 10−9 s for the lowest to the highest pressure ratios, re-

spectively. Note that thanks to the IRS4 method, these time steps are around 8 times

those limited by the explicit time scheme.

The simulations are carried out for more than 15 oscillation periods after the

initial transients have left the computational domain. Before collecting data, a grid

dependency study has been done to make sure that the grid resolution is sufficient.

In this respect, two-point correlations are investigated, as proposed in [3]. Figure

2 shows the nondimensional two-point spanwise correlation variations, Bww/w2
rms,

which are computed using time signals of third velocity component, w, for all pres-

sure ratios at a point located at the center of the jet switching region (orange point

in Figure 1). The figure also includes the results for the highest pressure ratio when

the spanwise grid spacing (∆z) is divided by two. It is observed that the correlations

go to zero within 10 grid points when ∆z is used. It means the largest eddy scale

is discretized by 10 nodes, which is sufficient [3]. Besides, using ∆z/2 does not

change the trend. Hence, the present grid spacing is kept for the rest of the study.

The oscillation frequency variations as a function of the pressure ratios are com-

pared in Figure 3 with the measured data as well as URANS simulations based on

two different modeling approaches, k-γ SST and k-ω SST with γ −Reθ transition

model. It is worth noting that the jet is choked beyond pt,in/pfs of 1.7 such that

the case with pt,in/pfs of 1.5 is the only one where the jet is subsonic at the throat.

It is observed from the measurements that after the jet is choked, the oscillation

frequency decreases as the pressure ratio increases up to a certain point, and then

remains almost constant. In the region of interest, the frequencies of the current

study, indicated as WRLES in Figure 3, are in much more better agreement with

the measurements than the URANS ones, even if WRLES predictions show a slight

overestimation.

Instantaneous Mach contours are presented in Figure 4 for the case with pt,in/pfs

of 2.0, at an instant corresponding to the jet switching from left to right. The un-

steadiness of the switching process, which includes the evolution of the recircula-

tion and separation bubbles, can be observed by looking at the streamlines in the

right subframe of the figure. Moreover, the flow is choked at the nozzle throat at

this pressure ratio, and during the switching shocklets appear in the vicinity of the

impingement onto the splitter. In addition, this region involves not only the most

energetic turbulent structures but also the smallest ones in the domain. This is why

the grid dependency study was conducted at the center of this region. On the other

hand, this is an indication of the necessity of proper eddy resolution during the jet

switching, explaining the failure of URANS when switching time is non negligible.

One can also observe from the left subframe of Figure 4 that the jet is unsteady

throughout the branch after it is detached from the corresponding side wall.

Figure 5 shows a comparison of the pressure norms (Z-score) for one oscillation

period at the location of the left loop center (blue point in Figure 1). The results

are given for the case with pt,in/pfs of 2.5. The WRLES prediction is in fair agree-

ment with the measurements although some discrepancies are observed in the high

frequency signal components, possibly due to the diameter size of the subminiature
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Fig. 3 Comparison of the oscillation frequencies

changing with pt,in/pfs.

Fig. 4 Instantaneous Mach contours with

streamlines during the jet switching (pt,in/pfs

= 2.0).

pressure transducer being of the same order as the loop width (see [8] for details

about experimental apparatus).

Lastly, the exit velocity magnitudes are compared with the experimental data.

The signal point (corresponding to the hot wire location in the experiment) is located

at a distance less than a half of the outlet width from the left outlet exit, and aligned

with its center (green point in Figure 1). Figure 6 displays the comparison of velocity

magnitudes in a spectral domain for the pt,in/pfs of 1.5 case. The magnitudes of the

first peak which corresponds to the oscillation frequency, and of the next two peaks

are in perfect agreement with the experimented ones. The differences in low and

high frequency contents are caused by discrepancies due to signal durations and due

to the sampling frequencies, respectively. For the rest, the spectrum, thus the pulsed

jet dynamics, is well predicted by WRLES.

4 Conclusion

In this study, PJAs having different inlet pressure ratios are simulated by a high-

fidelity WRLES. Oscillation frequencies as well as outlet velocities, which are the

critical design parameters, are in good agreement with measurements. This study

shows the importance of high-fidelity eddy resolution inside the region where recir-

culation and separation zones are growing during the jet switching, and where the

compressible flow is highly unsteady. The next step of this study will be to analyze

the time signals at different points to get further insights into the switching time as

the pressure ratio changes.
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Fig. 5 Pressure norms for one oscillation pe-

riod obtained from the time signals at the cen-

ter of the left loop center using Z-score nor-

malization (pt,in/pfs = 2.5).
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Fig. 6 Velocity magnitudes in spectral domain at

the signal point close to the outlet exit (pt,in/pfs =

1.5).
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