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Flow separation around a lifting body was controlled using a high-speed jet generated via impulsive 
actuation, and important flow features associated with the transient dynamics were numerically 
investigated. A jet flow was impulsively applied to the VR-12 airfoil using a boundary condition modeled 
as a COMPACT module in the wind tunnel experiments. A delayed detached-eddy simulation based 
on the Spalart–Allmaras turbulence model was conducted. Computational results indicated that the 
aerodynamic characteristics quickly varied in the early stage after jet initiation, and that the impact of 
the actuation on the flow behavior was gradually reduced through a larger time scale than the freestream 
convection. A detailed investigation was performed to assess relevant flow features, and two distinct flow 
characteristics associated with the transient dynamics were identified: reattachment and recirculation. 
Reattachment in the early stage after actuation yielded a high suction peak near the leading edge 
and rapidly enhanced the lift force. Recirculation in the later stage affected gradual variations in the 
aerodynamic forces and moment to the baseline flow via the generation of a low-pressure region on the 
suction side.

© 2023 Elsevier Masson SAS. All rights reserved.
1. Introduction

Flow separation can occur at high incidence angles and de-
crease the aerodynamic performance of a lifting body. Considerable 
research efforts on flow control have been dedicated to mitigat-
ing such critical phenomena to improve aerodynamic performance 
[1–3]. For example, Gad-el-Hak [1] and Ashill et al. [2] reviewed 
passive and active control techniques used to produce desired ef-
fects such as separation prevention, lift augmentation, and drag 
reduction. Cattafesta and Sheplak [3] reported on various actuators, 
covering key features and challenges associated with flow control 
techniques. It has been shown that passive control methods (e.g.,
vortex generators, riblets, and grooves) are easy to implement and 
do not require external energy sources, but can incur unexpected 
drag in high-speed conditions, which is undesirable. On the other 
hand, active flow control methods, such as moving surfaces [4–8], 
plasma [9], and fluidic actuation [10–16], have been utilized in var-
ious flow conditions with minimum geometric variation.
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Among these various methods, the generation of a high-
momentum jet via impulsive actuation was examined in this study. 
A significant pressure rise due to a chemical process involving a 
fuel/air mixture in a combustion chamber chokes the flow in the 
nozzle and generates a high-speed jet of Ma ≥ 1 within a short 
duration of O(10−3 s). This pulsed-blowing-type device is often 
referred to as a combustion-powered actuator (COMPACT) [17,18],
and relevant flow-control studies involving COMPACT actuation are 
summarized in Table 1.

Crittenden et al. [17] demonstrated that COMPACT actuation 
can generate a high-momentum jet toward the external flow. The 
actuator had a size of approximately O(1 ml) and was able to han-
dle an operating frequency of O(102 Hz) using a hydrogen/air mix-
ture. Brzozowski et al. [19] and Woo and Glezer [20] tested the use 
of actuations to control flows around the NACA 4415 airfoil in wind 
tunnel experiments and observed rapid changes in circulation from 
impulsive jet flows. Woo et al. [21] applied COMPACT modules to a 
rotor–body–interaction (ROBIN) mod7 fuselage and showed reduc-
tions in the total drag with repetitively pulsed actuations along the 
flat surface of the ramp. Matalanis et al. [22–24] and Tan et al. [25]
installed COMPACT actuators near the leading edge of the VR-12 
airfoil to suppress dynamic stall events in rotor-relevant flow con-
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Table 1
Selected flow-control studies with COMPACT actuation.

Investigator(s) Method Re (×106) Ma Lifting Body

Crittenden et al. [17] EXP - - -
Brzozowski et al. [19] EXP 0.57 - NACA 4415
Woo and Glezer [20] EXP 0.57 - NACA 4415
Woo et al. [21] EXP 1.1 - ROBIN mod7
Matalanis et al. [22–24] EXP 1.7-3.5 0.2-0.4 VR-12
Tan et al. [25] EXP 0.54-1.07 0.06-0.12 VR-12
Jee et al. [26] URANS 1.7-3.5 0.2-0.4 VR-12
Kim et al. [27–29] URANS 2.6 0.3 VR-12

Fig. 1. VR-12 wing with COMPACT installed in Glenn icing research tunnel [23,24].

ditions (see Fig. 1). Computational studies on using the unsteady 
Reynolds-averaged Navier–Stokes (URANS) approach [26–29] have 
also been reported, which applied the COMPACT actuation to con-
trol dynamic stall. A temporally accurate actuator boundary condi-
tion has been proposed to model impulsive actuation, and jet flows 
were successively applied to the computational domain based on 
measurements from wind tunnel tests [23,24]. Numerical investi-
gations revealed that compressible flow computation may be im-
perative mainly because of the choked flow at the nozzle throat, 
which drives high-speed jets into the external flow.

Although impulsive actuation has demonstrated in wind tunnel 
tests its significant impact on controlling external flows, exper-
imental studies have focused mainly on variations in the aero-
dynamic forces and moment with respect to the actuation. Fur-
thermore, the URANS approach could be adopted to test multiple 
actuation parameters, it incorporates an unexpected numerical dis-
sipation, which could limit the capture of detailed turbulent struc-
tures. Therefore, the primary objective of the current study is to 
numerically investigate a detailed flow-control mechanism of im-
pulsive actuation for the transient control of separated flow, which 
can complement previous experimental studies. Specifically, a re-
cent wind tunnel test on a VR-12 wing under high-speed flow 
conditions [24] was numerically solved in this study via an eddy-
resolving simulation based on a delayed detached-eddy simulation 
(DDES) turbulence model.

The remainder of this work is organized as follows. The com-
putational methods, including the numerical schemes and actua-
tor models, are presented in Sections 2.1 and 2.2. The baseline 
flow is described in Section 3.1, and detailed investigations on the 
transient dynamics with impulsive actuation are discussed in Sec-
tion 3.2. Finally, the conclusions of this study are presented in 
Section 4.
2

Fig. 2. VR-12 airfoil with an actuator slot.

2. Computational methodology

2.1. Numerical setups

A VR-12 airfoil with a 0.05c trailing-edge tab tested in the NASA 
Glenn Icing Research Tunnel [22–24] was simulated (see Fig. 2). 
The actuator slot was located at x/c = 0.1 (based on the slot exit) 
with a jet height of h jet/c = 0.0016. The jet angle was θ jet = 22◦
because previous relevant studies [22,28] have suggested that tan-
gential blowing outperforms normal blowing because of additional 
jet momentum to the boundary layer. The flow conditions of the 
current simulation were Ma = 0.3 and Re = 2.6 ×106 based on the 
freestream velocity U∞ , air density ρ∞ , and viscosity μ∞ . An an-
gle of attack of α = 20◦ , which has resulted in massively separated 
flows around the lifting surface [23,24,26–31], was considered. The 
moment center was located at (x, z) = (0.25c, 0.0223c).

The computational grids tested in the baseline simulation are 
summarized in Table 2. The O-type grid was generated in the 
streamwise ξ and wall-normal ζ directions, mainly because of the 
rounded trailing edge (see Fig. 3). The freestream boundary was 
located 40c away from the airfoil. Three-dimensional grids were 
generated via the extrusion of the O-type grid to the span direction 
η to allocate isotropic cells in the focus region for eddy resolving 
simulation. The overall strategy for the grid generation was based 
on the guidelines by Spalart and Streett [32].

The conservative forms of the compressible Navier–Stokes equa-
tions were numerically solved using the flow solver CFL3D [33]. 
Roe’s flux-differencing scheme [34] with a third-order mono-
tonic upstream-centered scheme for conservation laws (MUSCL) 
was used for the convective fluxes, and central differencing was 
used for the viscous fluxes. The second-order dual-time stepping 
method was used for temporal integration [35,36] and the nondi-
mensional time-step size was �t = 1.8 × 10−3 with respect to 
the convective time scale tc = c/U∞ . The Courant–Friedrichs–Lewy 
number for the inner iteration was 2.5, with 12 iterations for suf-
ficient inner-iteration convergence. For every iteration, a multigrid 
technique was used to accelerate solution convergence. An adi-
abatic wall condition was applied at the airfoil surface, and a 
periodic condition was adopted in the span direction. Parallel com-
putations, involving 1224 multiblock structures, were performed 
using the Intel Xeon Phi Knights Landing (KNL) processors of the 
NURION supercomputing system at the Korea Institute of Science 
Technology Information.



T. Kim, S. Jee, M. Kim et al. Aerospace Science and Technology 135 (2023) 108171

Table 2
Computational grids around the external flow (Ext) and actuator (Act) tested in the current study. N
indicates the number of grid points and � indicates the grid length. Subscripts ξ , ζ , and η indicate the 
streamwise, wall-normal, and spanwise directions in a generalized coordinate system, respectively, and 
1 indicates the first wall adjacent cell.

Grid Nξ Nζ Nη Ntot/106 �ξ,LE �ξ,T E �+
ζ,1 �η

1
Ext 769 193 193 29 2 × 10−4c 2 × 10−4c

< 1 5 × 10−3c
Act 129 49 193 1.2 - -

2
Ext 705 225 121 20 1 × 10−4c 2 × 10−4c

< 0.25 8 × 10−3c
Act 113 57 121 0.8 - -

Fig. 3. Computational grid generated around VR-12 wing (grid 1 is shown here); (a) cross-sectional view in ξ and ζ coordinates, (b) grid around actuator slot, (c) top view of 
suction surface in ξ and η coordinates, and (d) perspective view of the 3-D wing. Every second grid point is shown in all figures.
A delayed detached-eddy simulation based on the Spalart–
Allmaras (SA) turbulence model [37–39] was conducted. The trans-
port equation of the standard SA model by Spalart et al. [37] is 
given as follows:
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and the turbulent viscosity is calculated using νt = ν̃ f v1, where 
f v1 = χ3/(χ3 + C3

v1) and χ = ν̃/ν . For the eddy-resolving sim-
ulation, d in the destruction term of Eqn (1) is set as d = dw −
fd max(0, dw − C D E S�), where fd is the delay function for the 
DDES model, dw is the minimum distance from the field point 
to the wall, C D E S = 0.65 is the DES constant, and � is the 
length scale of a modeled turbulence. The delay function fd for 
the DDES model is computed as fd = 1 − tanh([8rd]3), where 
rd = (νt + ν)/(|∇U |κ2d2

w) and κ = 0.41. In the current study, the 
length scale � was computed using the cube-root cell volume 
� = (�ξ�η�ζ)1/3. A freestream condition for the SA working 
variable ν̃∞ = 4ν∞ , which is an approach recommended by pre-
vious studies [40,41], was applied.

2.2. Actuator boundary condition

In the wind tunnel experiments in [23,24], combustion pro-
cesses inside the COMPACT module impulsively increased pres-
sures and generated high-speed jets toward the external flow. In 
this computational study, the momentary pressure rise measured 
in the tests [23,24] was assigned to the bottom of the actuator slot, 
3

instead of modeling the full combustion process inside the cham-
ber. The impulsive pressure variation was modeled as a discretely 
distributed pulse, as depicted in Fig. 4. Based on measurements 
from these wind tunnel tests [23,24], a peak pressure ratio of 
pr,peak = 2.47 and a pulse duration of tp = 0.18tc = 0.7 ms were 
adopted as a standard for this study, and the impacts of their vari-
ations were assessed numerically, which will be discussed in the 
later section.

The boundary conditions at the bottom of the actuator slot 
(Figs. 2 and 3) are summarized in Eqs. (2) and (3),

pact = pr pref , Tact = pact/(ρ∞R), (2)

pnoact = pnb −
(

∂ p

∂n

)
nb

�n, Tnoact = Tnb,tot , (3)

where the subscripts act and noact denote the actuating and non-
actuating periods, nb is neighboring cell, respectively.

A characteristic inflow condition was assigned for the pulse du-
ration tp . The time-varying actuation pressure pact was obtained 
using the pressure ratio pr(t) depicted in Fig. 4 using the reference 
pressure pref at the slot bottom immediately before the pulse op-
eration. The actuation temperature Tact was determined based on 
the ideal gas law using pact , gas constant R , and freestream density 
ρ∞ . The jet velocity was calculated using the Riemann invariant 
with pact and Tact at each time step. The actuation condition for 
the SA variable ν̃ is identical to the freestream condition for a sta-
ble computation, where ν̃act/ν∞ = 4 was assumed for turbulent 
inflow from the combustion chamber (not resolved here). A zero-
mass-flux condition was assigned to the non-actuating period. The 
pressure pnoact was linearly extrapolated from the neighboring cell 
nb in the boundary-normal direction n, and the temperature Tnoact
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Fig. 4. Impulsive variation in pressure with a pulse duration tp at the actuator boundary.
Fig. 5. Instantaneous flow structure around the baseline wing at Re = 2.6 × 106, 
Ma = 0.3 and α = 20◦ , visualized with Q-criterion Q = 1 colored by streamwise 
velocity ux/a∞ . The actuator location is denoted by dashed line at x/c = 0.1. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

was set to be the total temperature of the neighboring cell nb
based on an isentropic relationship. An adiabatic solid wall was 
used as the slot sidewall.

3. Results and discussion

3.1. Baseline flow

The flow structures around the baseline flow, i.e., without actu-
ation, are shown in Fig. 5, which reveals a massive flow separation 
around the baseline VR-12 wing. The vortical structures shown 
in Fig. 5 were identified using the Q-criterion and colored with 
the streamwise velocity ux . The flow near the leading edge was 
well attached to the surface, and separation occurred at approxi-
mately x/c � 0.1, yielding a massive vortical structure. Thus, severe 
reverse flow was observed on the suction side, which was reminis-
cent of a stalled wing.

The skin friction coefficient, C f = τw/(0.5ρ∞U 2∞), around the 
baseline wing is shown in Fig. 6, which is associated with the mas-
sive flow separation shown in Fig. 5. The current computational 
results shown in Fig. 6 were time-averaged over 30tc in a quasi-
steady state after sufficient time �t = 20tc from the uniform initial 
condition. For additional comparison, the URANS result was also 
plotted. For both DDES cases, a separation bubbles was observed 
near the leading edge (x/c � 0.02), which is also shown in Fig. 5, 
whereas the URANS approach exhibited a different prediction for 
the upstream part. The downstream part of the wing exhibited 
flattened skin friction, which was mainly due to the severely sepa-
rated flow observed for x/c > 0.1.
4

Fig. 6. Time- and span-averaged skin friction around baseline VR-12 wing at Re =
2.6 × 106, Ma = 0.3 and α = 20◦ .

Fig. 7. Time- and span-averaged pressure distribution around baseline VR-12 wing 
at Re = 2.6 × 106, Ma = 0.3 and α = 20◦ .

The pressure distribution, C p = (p − p∞)/(0.5ρ∞U 2∞), was 
compared with relevant experimental results, and the current com-
putation showed good agreement with the test data (see Fig. 7). 
A rapid decrease in the suction pressure near the leading edge 
(x/c � 0.1) was observed with a flattened pressure profile on the 
overall suction side, which is ascribed to the massively separated 
flow. Because the flowfield solutions for the two different grids 
yielded similar results, grid 1 was chosen for the flow calculations 
in the remaining part of the study, including the cases involving 
actuation.

Fig. 8 shows the instantaneous turbulent variables at midspan, 
including the eddy viscosity νt and the DDES shielding parameter 
fd . In this figure, the shielding parameter at fd = 0.5 is indicated 
with a red line as the boundary between the RANS and LES re-
gions. The current computation showed a rapid transition from 
RANS to LES near the wall; therefore, a thin RANS layer was ob-
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Fig. 8. Instantaneous turbulent flowfields in the baseline computation. Eddy vis-
cosity νt is nondimensionalized with a freestream molecular viscosity ν∞ . The 
boundary between RANS and LES regions is visualized with a red contour line of 
the DDES shielding parameter at fd = 0.5.

Fig. 9. One-dimensional power spectra of the streamwise and wall-normal velocity 
fluctuations, u′ and w ′ , at six selected locations (x/c, z/c) in the LES region. Span-
wise wavenumber β and frequency f are nondimensionalized with fundamental 
wavenumber and freestream convecting frequency (1/tc ), respectively. Each spec-
trum is shifted by two orders of magnitude from (x/c, z/c) = (0.5, 0.15).

served around the lifting surface. Here, the large LES region on the 
suction side could be associated with the minimum eddy viscos-
ity calculated for the wake region, which is favorable to resolving 
turbulent structures with low numerical dissipation.

The one-dimensional power spectra of the baseline flow were 
analyzed, as shown in Fig. 9. The power spectrum was obtained 
using the fast Fourier transformation of the fluctuating velocities 
at selected locations (x/c, z/c) in the LES region. The time averag-
ing is applied to the spanwise spectrum, and the wavenumber β is 
5

Fig. 10. A high speed jet generated from impulsive actuation with a peak pressure 
ratio pr,peak = 2.47 and a pulse duration tp = 0.7 ms � 0.18tc . Flowfields are vi-
sualized at the midspan location, and the white region indicates that the flow is 
supersonic, i.e., Ma > 1.

nondimensionalized with the fundamental wavenumber. The span-
wise averaging is performed to the temporal spectrum, and the 
frequency f is nondimensionalized with the freestream convection 
frequency, 1/tc . The inertial subrange in the current computation, 
indicated by the slope −5/3, was well captured in the spanwise 
and temporal domains. The spanwise spectrum agrees well with 
the wavenumber range up to β � 30, which implies that the grid 
strategy can capture a wave that is approximately six times the 
spanwise grid size or larger. A similar energy decline is observed 
in the temporal spectrum accompanied by a local peak ampli-
tude around f � 0.7. It is probably related to a vortex shedding 
in the wake region, which is also observed in relevant measure-
ments [42,43].

3.2. Controlled flow

3.2.1. Jet application and transient dynamics of forces and moment
Fig. 10 illustrates the jet flow generated via impulsive actuation 

with a peak pressure ratio of pr,peak = 2.47 and pulse duration 
of tp = 0.7 ms � 0.18tc , which were identical to the experimen-
tal conditions [23,24]. At �t = 0.25tp , the flow in the actuator slot 
was choked at the nozzle throat, and thus a supersonic jet (the 
white region in Fig. 10) was generated and merged into the ex-
ternal flow. From �t = 0.5tp to �t = 0.75tp , the jet flow covered 
the downstream of the actuator location. After �t = tp , the high-
momentum jet vanished because of the termination of the pulse. 
The peak jet-momentum coefficient Cμ = (ρU 2h) jet/(ρU 2c)∞ was 
calculated based on the normal component of the velocity to be 
at the throat of the nozzle, and exhibited a value of Cμ,peak �
2 ×10−2, which is comparable to the experimental value Cμ,peak =
1.9 × 10−2 reported in [23,24]. It is thus inferred that the current 
computational approach can reproduce the jet flow tested in the 
experiments [23,24] with a comparable jet momentum.

The transient responses of the aerodynamic forces and mo-
ment with respect to the impulsive actuation are shown in Fig. 11. 
As discussed in Section 2, a pulse duration of tp = 0.7 ms and 
pr,peak = 2.47 were applied as a standard based on experimen-
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Fig. 11. Transient dynamics in the aerodynamic lift CL = L
0.5ρ∞U 2∞ A

, drag C D =
D

0.5ρ∞U 2∞ A
and moment CM,y = M

0.5ρ∞U 2∞ Ac
from impulsive actuation with variations 

in a pulse duration tp (a) and peak pressure ratio pr,peak (b). Jet flow is applied to 
the baseline wing at �t = 0. Note that tp = 0.7 ms and pr,peak = 2.47 were based 
on measurements in [23,24].

tal measurements from previous studies [23,24], and the impact 
of the actuation parameters on the force hysteresis was assessed. 
The pulse durations that were tested ranged from tp =0.7 to 2.8 
ms (see Fig. 11a), and the peak pressure ratio was varied from 
pr,peak =2 to 4 (see Fig. 11b).

The computational results shown in Fig. 11 imply that the pa-
rameter variation yielded minimum differences in the forces and 
moment hysteresis, at least in the ranges tested in the current 
study. In all cases tested, it was observed that the aerodynamic 
forces and moment changed rapidly in the early stages and gradu-
ally returned to the baseline flow in the later stages. As impulsive 
actuation was applied to the baseline at �t = 0, the aerodynamic 
lift quickly varied in the early stages after the actuation. The lift 
force was significantly enhanced for �t/tc � 2 with minimum 
changes in drag and moment. After �t/tc � 3, the lift forces ex-
hibited a peak value of CL � 2.2 at �t/tc � 5.5, accompanied by 
additional drag and moment amplitude. After a severe lift drop, 
in conjunction with the peak drag and moment amplitude, at 
�t/tc � 6, the forces and moment returned to the baseline after 
�t/tc > 10.
6

Fig. 12. Flow structures around the actuated VR-12 wing at three selected times in 
the reattachment stages (0 ≤ �t/tc � 3).

In the next part of the study, presented in Sections 3.2.2 and 
3.2.3, detailed flow physics associated with the force variations 
will be investigated for two time windows. Section 3.2.2 will focus 
on the early stages, where the flow is quickly reattached via jet 
actuation (0 ≤ �t/tc � 3, reattachment stages). Section 3.2.3 will 
discuss the later stages, in which recirculating flow on the suc-
tion side dominates gradual variations in the aerodynamic forces 
and moment (�t/tc � 3, recirculation stages). Because the actua-
tion parameters yielded minimum variations in the overall force 
hysteresis (see Fig. 11), a detailed investigation based on the stan-
dard values, tp = 0.7 ms and pr,peak = 2.47 will be presented in 
later sections of this paper.

3.2.2. Reattachment stages
A quick reattachment of the external flow with the jet actuation 

and corresponding vortical structures around the actuated VR-12 
wing are illustrated in Fig. 12. The phenomenon shown induced a 
rapid increase in the lift force after the jet initiation (�t = 0), as 
shown in Fig. 11. At �t/tc = tp/tc = 0.18, the flow near the ac-
tuator strongly interacted with the jet flow, and a reattached flow 
was observed (see Fig. 12). At �t/tc = 0.4, the reattached region 
became wider than in the previous timing, accompanied by a sup-
pression of the wake flow. After �t/tc = 2, the wake flow vanished 
from the surface, while the reattached region remained on the suc-
tion side, especially near the leading edge.

The skin friction C f distribution around the wing, which is as-
sociated with the quick reattachment process that occurs with jet 
actuation, is depicted in Fig. 13. At the early stage, �t/tc = 0.18, 
a high amplitude of C f was observed downstream of the actuator, 
which could be due to the jet actuation. After �t/tc = 0.4, the 
reattached region then became wider than the previous timing. 
From �t/tc = 1 to 3, the flow near the leading edge (x/c ≤ 0.2) 
was strongly attached to the surface. Thus, the skin friction C f
near the leading edge constantly increased, which could yield sig-
nificant improvements in the lift force at the corresponding time 
window. At the same time, a locally recirculating flow was ob-
served around the midchord.
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Fig. 13. Span-averaged C f profiles highlighted on the suction side (left) and top views of C f distribution with a half scaled span (right) at five selected times during the 
reattachment stages (0 ≤ �t/tc � 3).

Fig. 14. Span-averaged C p profiles highlighted on the suction side (left) and top views of C p distribution with a half scaled span (right) at five selected times during the 
reattachment stages (0 ≤ �t/tc � 3).
7
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Fig. 14 shows the pressure distribution around the actuated 
wing, which was closely related to the forces and moment dy-
namics shown in Fig. 11. From �t/tc = 0.18 to 0.4, the pressure 
loop around the wing was changed mainly by the jet interaction. 
The suction peak constantly increased from �t/tc = 1 to 3, which 
could be related to the strongly attached flow for x/c � 0.2 (see 
Fig. 13). The high-pressure region due to the jet interaction faded 
away from the trailing edge after �t/tc ≥ 2. Although a locally re-
circulating flow was observed around the midchord, as shown in 
Fig. 13, it yielded minimum impact on the pressure distribution 
shown in Fig. 14.

The present chapter describes the quick reattachment process 
in the early stages of transient dynamics with the actuation. A jet 
flow is generated from the impulsive actuation with a pulse dura-
tion of O(0.1tc) and strongly interacts with the external flow on 
the suction side. It is noted that the high-speed jet reattaches the 
flow and promotes an increase in the suction peak near the lead-
ing edge, which can enhance the lift force for O(tc).

3.2.3. Recirculation stages
Flow structures in the recirculation stages are visualized in 

Fig. 15, which shows a gradual recovery to the baseline flow. At 
�t/tc = 4, a reverse-flow region around the midchord became 
more energetic than to the previous time window in the reattach-
ment stages (see Section 3.2.2). A spanwise variation in the flow 
reversal is observed despite the uniform numerical setups to the 
jet actuation, which could be due to the three-dimensionality of 
flow near the leading edge (see Fig. 5). From �t/tc = 6 to 7.5, the 
reverse flow covered the whole suction side from the upstream, 
and was detached from the wing surface. It could result in the 
nominal lift drop and the peak drag and moment at the corre-
sponding timing shown in Fig. 11. After the detachment process, 
the flow completely returned to the baseline (see �t/tc = 14), and 
thus the flow field exhibited a structure similar to that of the base-
line flow shown in Fig. 5.

The skin friction C f around the wing, shown in Fig. 16, is as-
sociated with the flow dynamics that occur with the recirculation 
shown in Fig. 15. At �t/tc = 4, the recirculating flow around the 
midchord became stronger than in the reattachment stages, and 
thus a negative C f was clearly observed at approximately x/c �
0.5. At �t/tc = 6, the C f amplitude near the leading edge rapidly 
decreased, and a strong reverse flow was observed for x/c ≥ 0.4, 
which probably resulted in the lift drop and the peak drag and 
moment (see �t/tc = 6 in Fig. 11). Finally, the impact of the jet 
actuation on the flow behavior was reduced (�t/tc = 6 to 8), and 
the skin friction on the suction side finally returned to the baseline 
(�t/tc = 14).

The pressure distribution C p around the wing, shown in Fig. 17, 
is relevant to the gradual variations in forces and moment. At 
�t/tc = 4, a low pressure around the midchord due to the re-
circulating flow was observed, and generated additional lift force, 
drag, and moment amplitude at �t/tc � 4 (see Fig. 11). From 
�t/tc = 4 to 7, the suction peak near the leading edge was re-
duced to the baseline, accompanied by a wide low-pressure region 
on the suction side, which could yield a lift drop and the peak drag 
and moment (see Fig. 11). After �t/tc ≥ 8, the flow control impact 
on the flow feature was constantly reduced, and thus the pressure 
distribution around the wing recovered to the baseline and yielded 
results similar to those of the baseline case (�t/tc = 14).

In the present section, the transient flow features that are as-
sociated with the gradual changes in the forces and moment in 
the later stages after jet initiation are explained. The variations in 
aerodynamic force and moment in the reattachment stages were 
mainly due to a low-pressure region on the suction side from re-
circulation. This low-pressure region increases more largely on the 
suction surface and drives the generation of additional lift, which 
8

Fig. 15. Flow structures around the actuated VR-12 wing at four selected times in 
the recirculating stages (�t/tc � 3).

is accompanied by a drag and moment increment. As the high suc-
tion peak (obtained in the reattachment stages) decreases to the 
baseline, the impact of the jet actuation diminishes. Finally, the 
flow recovers to the baseline after approximately O (10tc) from the 
jet initiation.

4. Conclusions

A separated flow around a lifting body was transiently con-
trolled via a high-speed jet actuation, and flow features associated 
with the transient dynamics were numerically investigated. Impul-
sive jet actuation was applied to a separated flow around a stalled 
VR-12 wing, using a modeled actuator boundary condition repre-
senting a COMPACT module in experiments.

The high-speed jet was generated through a choked flow at a 
nozzle and strongly interacted with the external flow. Interactions 
between the jet and external flow dynamically changed flow char-
acteristics around the wing and yielded long transient variations 
in the forces and moment after the actuation. The force hysteresis 
revealed that the aerodynamic forces and moment rapidly varied 
in the early stages after jet initiation, and that the flow control 
impact diminished gradually over a time scale in an order of mag-
nitude longer than the freestream convection.

Detailed investigations on the flow characteristics with respect 
to the actuation were pursued, and numerical results revealed two 
distinct features associated with the transient dynamics: reattach-
ment and recirculation. A quick reattachment process in the early 
stages after the jet initiation generated a high suction peak near 



T. Kim, S. Jee, M. Kim et al. Aerospace Science and Technology 135 (2023) 108171

Fig. 16. Span-averaged C f profiles highlighted on the suction side (left) and top views of C f distribution with a half scaled span (right) at five selected times during the 
recirculation stages (�t/tc � 3).

Fig. 17. Span-averaged C p profiles highlighted on the suction side (left) and top views of C p distribution with a half scaled span (right) at five selected times during the 
recirculation stages (�t/tc � 3).
9
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the leading edge compared to that of the baseline case, which im-
proved the lift force rapidly. Subsequently, the recirculating flow 
was observed in the later stages after the actuation and induced a 
low-pressure region, which generated additional lift accompanied 
by a drag and moment increment. The flow control impact dimin-
ished by the high suction peak near the leading edge decreased to 
the baseline, and the flow around the wing finally returned to the 
baseline.
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