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A new type of gust generator generates the airflow oscillation in the wind tunnel through the Coanda effect of the unsteady trailing
edge blowing, which has been shown to have strong potential for accurately simulating discrete gusts. It is necessary to study the
relationship between the generated gust characteristics and the control parameters of such devices in order to optimize the design
performance and improve gust simulation capabilities. By solving the compressible unsteady Reynolds-averaged Navier–Stokes
(URANS) equations, the computational fluid dynamics model of the subsonic airflow past the gust generator in the wind
tunnel was presented. The effects of jet momentum, frequency, and spanwise blowing ratio on gust intensity, shape, and spatial
uniformity were investigated. Results indicate that the intensity of gusts is positively correlated with jet momentum and
frequency. The gust shape matches well with the normalized jet momentum coefficient curve. However, when the frequency
increases to above 10Hz, the gust shape differs significantly from expectation due to the appearance of reverse wave peaks. In
addition, the mechanism of the impact of the sidewall and partial spanwise blowing on gusts was revealed. In the three-
dimensional situation, streamwise vortices are formed on the sidewall and at the spanwise position where the blowing stops,
respectively. This results in an increase and noticeable nonuniformity in gust amplitude. When the blowing with a 15%
spanwise length near the sidewall is turned off, the gust amplitude at the symmetry plane increases by nearly 40% due to the
main vortex being closer to the main flow. The result provides a physical explanation for the availability of this operation to
reduce gust attenuation.

1. Introduction

During the flight, the aircraft is often subjected to the sudden
change of aerodynamic load caused by gusts, which leads to
some problems [1]. For example, the aircraft can be difficult
to operate, the structure may be at risk of damage, and the
comfort of passengers is reduced. This complex atmospheric
phenomenon is usually manifested as instantaneous or con-
tinuous changes in wind speed and direction, and the addi-
tional aerodynamic load causes wing vibration and fuselage
shaking. The wing structure of modern aircraft is designed
to have low weight and great flexibility. Large aircraft such
as modern large-scale passenger aircraft, transport aircraft,
and high-altitude long-endurance unmanned aerial vehicles
are more sensitive to gusts. In recent years, the research on
gust response and load alleviation of aircraft has become
one of the hotspots in aeroelasticity [2]. Predicting the

dynamic response caused by gusts and introducing corre-
sponding control measures to reduce the load have become
very important issues in the design of modern large aircraft.

With the development of gust simulation technology
in wind tunnels, researchers can conduct accurate gust
response evaluation and load alleviation system tests in the
early design stage [3, 4]. In addition, high-quality wind tun-
nel verification data can be used to improve the numerical
codes, thus further reducing the time cost of aircraft develop-
ment in the long run. At present, some low-speed wind tun-
nels are equipped with gust generator devices, and they
generate periodic disturbances with different frequencies
and amplitudes through oscillating cascades [5, 6] or rotating
components [7] located upstream of the test section. For
high-speed wind tunnels, there are only a handful of facilities
equipped with corresponding simulation technologies. The
DNW-TWG wind tunnel of the German Aerospace Center
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(DLR) [8] and the S3Ch wind tunnel of the French Aerospace
Lab (ONERA) [9] both adopt the gust generators of oscillat-
ing cascades. And gusts are formed by the wake vortices cre-
ated by the pitch motion of these cascades. However, due to
the large size of the cascades traversing the test section and
the limited power of the actuators, this form is not appropri-
ate for large-scale transonic wind tunnels. The system utilizes
oscillating wingtip vortices to generate gusts in the Transonic
Dynamic Tunnel (TDT) of NASA Langley Research Center,
which is the earliest high-speed facility to carry out gust
response tests. The size of the test section is 16 ft × 16 ft,
and its gust generator consists of two groups of oscillating
vanes mounted on the side walls [10], as shown in Figure 1.
A flow angle variation of approximately ±1° can be provided
in the region of the model by running the two pairs of vanes
simultaneously [11]. These devices that generate disturbance
to the stream flow by means of vanes or cascade oscillation
have the advantages of simple structure, convenient control,
and clear gust generation mechanism, while small frequency
coverage and single gust shape (sinusoidal) become the
limits. Additionally, due to the power limitations of the driv-
ing methods, the generation of individual discrete gusts
under subsonic and transonic flow through these devices
seems to be a challenging task [12], even though this is pre-
cisely the gust profile required for airworthiness certification.

In recent years, the circulation control method has been
used in many practical situations, benefiting from the precise
and effective control capabilities. These situations cover not
only flow control or lift enhancement [13, 14] but also new
applications such as flight control and load alleviation [15,
16]. With the development of unsteady trailing edge blowing
control methods [17], researchers designed a new type of
gust generator based on the concept of circulation control,
to avoid unacceptable vibration in the wind tunnel structure
and achieve precise control of gust characteristics. Allen and
Quinn [18] and Gomariz-Sancha et al. [19] reported the
researches about the development and testing of the gust
rig in the transonic wind tunnel (TWT) of Aircraft Research
Association Ltd. (ARA). The scheme is based on two vanes
vertically mounted in the contraction section, with a direc-
tional controllable blowing jet on the top and bottom of
the trailing edge. Figure 2 shows the internal structure of a
single vane. The accurate simulation of the gust profile can
be achieved by controlling the solenoid valves on the airflow
paths inside the vanes. This gust rig of TWT can generate
discrete gusts with “1-cos” profile through trailing edge
blowing, which is consistent with the gust model selected
in mainstream airworthiness regulations [20, 21]. It enables
wind tunnel testing to provide direct and effective gust load
data for aircraft certification. In addition, this gust rig has
high flexibility in the shape, intensity, and duration of gusts,
allowing data to be acquired for the testing of novel load
alleviation methods as well as the validation of computa-
tional methods.

However, it is difficult to find relevant research results on
the mechanism of gust generation using trailing edge blow-
ing in public literature. The two relevant reports [18, 19]
did not address detailed information on the impact of jet
parameters on gust characteristics. This cannot provide

sufficient guidance for the promotion and performance opti-
mization of such devices. Although using the research results
of circulation control airfoil for reference helps to increase
understanding of the operational characteristics of the gust
generator, there are still some differences between them.
Studies about the circulation control airfoil mainly focus
on the lift and drag variation caused by jets [14], while the
gust generator is designed to induce the deflection of the
downstream flow with little consideration for the aerody-
namic characteristics of the vane.

In order to generate high-quality and standardized dis-
crete gusts in wind tunnels, it is necessary to conduct
numerical research to fill the research gap in the mechanism
of gust generation driven by trailing edge blowing. There-
fore, this work attempts to simulate the unsteady flow over
the gust generator in the wind tunnel to verify the effective-
ness of this method and obtain the basic characteristics of
gusts. In addition, Nishino and Shariff [22] have demon-
strated that the unexpected formation of streamwise vortices
around the junctions of the airfoil model and the sidewall
can lead to differences between two-dimensional (2D) and
three-dimensional (3D) solutions. The differences include
not only the difference in gust amplitude on the symmetry
plane but also the spatial nonuniformity in 3D solutions.
And the spanwise nonuniform discrete gusts have been
shown to have a significant impact on the gust response of
high aspect ratio aircraft [23]. Some gust disturbances with
specific spanwise distributions will cause more severe struc-
tural vibrations and critical loads than uniform gusts [24].
More precise evaluation of the dynamic gust response of
aircraft can be achieved by examining the impact of jet
parameters on spanwise distribution. Furthermore, in 3D
situations, the spanwise blowing ratio becomes another key
control parameter. In Ref. [19], it was mentioned that open-
ing only 70% of the jet can effectively resist gust attenuation,
but the availability of this method did not get clarified. So,
we also investigate how the spanwise blowing ratio affects
gust characteristics while considering the sidewall of the
wind tunnel test section. The previous part of this research
demonstrates that the basic characteristics of gusts are
closely related to the jet momentum coefficient, and the
influence pattern is revealed. In the latter part of this study,
the general mechanism of sidewall effect is determined by
the analysis of differences between 2D and 3D solutions.
Additionally, partially closing the spanwise blowing can
effectively increase the gust amplitude in the mainstream
region due to the formation of the large streamwise vortex.
The results of this study provide some useful guidance and
suggestions for the design and operation of the trailing edge
blowing gust generator for high-speed wind tunnels.

2. Methods

2.1. Model Geometry. According to Ref. [19], the basic con-
figuration of the research model section adopted is a 2D
symmetrical vane shape as shown in Figure 3, where c is
the chord length, and the max thickness is 0.2c. The middle
sections are connected by straight lines, and the leading and
trailing edges are hyperelliptic curves, with an index of 2.25
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and a length of 0.25c. The jet slots are set at 0.95c, while the
height is equal to the lip thickness, 0.005c. After being mod-
ified, the chord length of the vane changes to 0.9925c.
Through a contraction pipeline, one plenum chamber is
connected to each jet slot, and the height at the exit is the
minimum. The trailing edge after the jet exit is also a super-
elliptical line, which is the profile of the basic configuration
trailing edge after scaling. The tangent slope of the path sur-
faces at the exit and the external surface are consistent. The
tail profile and the contraction path are smooth and contin-
uous at the slot. In addition, only the top jet is working as
the goal of this study is to simulate vertical discrete gusts.

2.2. Numerical Method and Grids. It is pointed out in Ref.
[25] that more flow details on the Coanda surface are
presented by large eddy simulation (LES), thus improving
the ability to predict jet separation. However, for this study,
the main focus is on the wake flow and large-scale vortices
rather than small-scale turbulent structures. Due to the
relatively large computational domain, it is expensive to
conduct 3D LES simulations for this problem. Previous
studies have confirmed that the unsteady Reynolds-
averaged Navier–Stokes (URANS) equation, combined with
appropriate turbulence models, can accurately reflect the
separation behavior of the jet on the curved surface. Nishino
and Shariff [22] performed 3D simulations of circulation
control airfoil with sidewall using the URANS approach
and shear stress transport (SST) turbulence model. In addi-
tion, the conclusion in Ref. [25] shows that the introduction
of curvature correction can greatly improve the reliability of
the RANS equation in estimating the jet’s separation posi-
tion. Therefore, in this study, the compressible URANS
equation is selected as the governing equation, and the
k − ω SST model with rotating and curvature correction is
selected as the turbulence model [26]. In this model, the
factor F4, related to the flow curvature, is introduced into
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Figure 1: The gust response test system of TDT [11].
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Figure 2: Internal structure of the gust generator device of TWT [19].
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Figure 3: Model geometry of the trailing edge blowing vane
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the ω-equation. The equations and the factor’s expression are
as follows:
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The value of constant Crc is 1.4 for all simulations in this
study, according to the previous recommendations [25, 27].
For details on other terms in the equations, refer to Ref.
[26]. The spatial discretization follows the second-order
upwind scheme, and the temporal discretization is the
second-order implicit scheme in the transient calculation.
The calculational region and boundary conditions are pre-
sented in Figure 4. Pressure inlet and outlet conditions are
used for external flow inlet and outlet, respectively. The no-
slip wall conditions are set to simulate the test section walls.
However, in the current study, the symmetric boundary is used
at the middle span to save computational costs. As mass flow
control is the most common means of jet control in experi-
ments, the mass flow rate inlet conditions are selected on the
left side of the plenum chambers to adjust jet parameters.

In the first part of this paper, the 2D flow over the gust
generator is simulated for parametric research without
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Figure 4: Schematic diagram of the calculational domain and boundary conditions.

Table 1: Results of the gird independence study.

Grid Vane surface nodes Trailing edge nodes Wake streamwise nodes CL Y velocity (m/s)

Coarse 201 101 51 0.252 -2.024

Medium 301 151 101 0.231 -1.515

Fine 401 201 151 0.228 -1.498

(a) Mesh of the symmetry plane and details near the trailing edge and jet slot (b) Mesh details of the plenum chambers

Figure 5: Grid distribution in 3D simulation.
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considering the tunnel sidewall. In the latter part, 3D simu-
lations are carried out to investigate the influence of the side-
wall and spanwise blowing ratio on gusts and the features of
spanwise distribution. Therefore, in this work, 2D and 3D
structured meshes of the computational domain are used,
while the 3D mesh is formed by extending the 2D mesh

along the spanwise direction. Three 2D meshes with differ-
ent grid resolutions are compared to determine the appro-
priate grid division. Their difference lies largely in the
number of grid nodes on the trailing edge profile and down-
stream flow field near the vane in the streamwise direction
(1 5c < x < 6c). The comparison results are presented by the
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lift coefficient of the vane and the y velocity at a point (x = 5c,
y = 0) under medium blowing condition, as shown in Table 1.
Considering the overall quantity, scale, and calculation cost of
3D simulations, we choose the medium mesh for 2D simula-
tions, where the vane surface is divided into 301 nodes and
the trailing edge curve is divided into 151 nodes, as shown in
Figure 5. The grids near surfaces and walls are refined to sim-
ulate the flow in the boundary layer, and the first grid distance
is kept so that y + canmeet the requirements of the turbulence
model. In addition, the size of grids in the wake area is con-
trolled to capture the unsteady jet path. The 2D and 3D
meshes consist of about 0 15 × 106 quads and 12 × 106 hexes,
respectively.

There is little sufficient gust data to conduct numerical
method verification owing to an incomplete description of
the geometry parameters and experimental results of the trail-
ing edge blowing gust generator in the previous literature. This
paper performs 2D and 3D validations of the circulation con-
trol airfoil according to Ref. [28]. Figures 6(a) and 6(b) show
the profile of the benchmark airfoil CC020-010EJ and the
mesh for simulation. Figure 6(c) presents the comparison
between the surface pressure coefficient distribution data mea-
sured in the wind tunnel test and the simulation results of the
2D and 3D validations in this study. In the 2DCFD result of 0°

angle of attack, the data near the airfoil tail are highly consis-
tent, but the simulation results at the leading edge exceed the
experimental data. This is because the juncture flow on the
model and sidewalls in the test section leads to a downwash
on the airfoil, thus reducing the effective angle of attack in
the wind tunnel. Then, correction simulations of -2° and -3°

are carried out, respectively. The data nearing the leading edge
at -2° agree well with the experimental results, which supports
the conclusion in Ref. [28]. At the same time, the midspan
data of 3D simulation is in good agreement with the test
results. In addition, the lift coefficient results under different
blowing conditions are compared, as shown in Figure 6(d).
The two sets of experimental data in the figure are obtained
from the balance record and the pressure coefficient integra-
tion. So, we also plot two sets of CFD data: the integrated mid-
span pressure coefficient results and direct lift output. The
comparison shows that the simulation results and experimen-
tal results agree well. As a result, the availability of the numer-
ical method is confirmed.

2.3. Case Description. The ultimate aim of this study is to
improve the simulation ability of discrete gusts in wind tun-

nels, so the simulation object is the “1-cos” gust model used
in mainstream airworthiness regulations [20]. Due to the
vertical symmetry, only the upper jet is open in simulations.
The unsteady inlet condition is set to follow a similar profile,
according to Eq. (4). In this formula, M and f represent the
amplitude of mass flow rate and the inverse of discrete gust
duration. t0 is 0.05 s for 2D cases and 0.01 s for 3D cases as
the starting time of the internal flow.

m =

M
2 1 − cos 2πf t , t0 ≤ t ≤ t0 +

1
f

0, t < t0, ≤ t0 +
1
f

4

Similar to the research of circulation control airfoils, this
study also uses the momentum coefficient at the slot, Cμ, to
describe the jet intensity, calculated according to

Cμ =
Fj

q∞A
≈
mjuj

q∞A
, 5

uj =
2γ
γ − 1RTt,j 1 −

pj
pt,j

γ−1 /γ

, 6

where Fj,mj, uj, q∞, and A represent the thrust generated by
blowing, the jet mass flow rate, the flow velocity at the jet
exit, the dynamic pressure of the incoming flow, and the area
of the jet slot. In the experiment, the jet velocity is generally
calculated through the isentropic expansion relation, such as
Eq. (6). Then, Cμ is determined by the measured jet mass
flow rate. In the equation, γ, R, Tt,j, pt,j, and pj represent
the specific heat ratio, gas constant, total jet temperature,
total pressure, and static pressure at the jet slot, respectively.
In some work, pj is calculated as the static pressure of the
incoming flow. But during blowing, the actual static pressure
is lower than that of the incoming flow, which will lead to
the inadequate prediction of the jet velocity [28].

Tables 2 and 3 list the internal flow inlet conditions
employed in 2D cases, and Table 4 lists the conditions in
3D cases. In 2D simulations, there are 14 steady cases of
different mass flow rate conditions. The corresponding jet
momentum coefficients are calculated by substituting the
flow field data at the slot into Eq. (5), with the specific range

Table 2: 2D steady case description.

Case M2D (kg/s) Cμ p0 j/p∞ Case M2D (kg/s) Cμ p0j/p∞
1 0.1479 0.0102 1.0935 8 0.3003 0.0480 1.4964

2 0.1878 0.0168 1.1511 9 0.3121 0.0506 1.5540

3 0.2184 0.0233 1.2086 10 0.3240 0.0530 1.6115

4 0.2421 0.0289 1.2662 11 0.3355 0.0553 1.6691

5 0.2607 0.0349 1.3237 12 0.3472 0.0575 1.7266

6 0.2758 0.0401 1.3813 13 0.3589 0.0597 1.7842

7 0.2885 0.0450 1.4388 14 0.3706 0.0618 1.8417

6 International Journal of Aerospace Engineering



being 0.0102 to 0.0618. The steady simulations are per-
formed here to illustrate the basic flow characteristics under
various jet momentum coefficients and provide reference
values for the comparative analysis of unsteady solutions.

Unsteady cases 15~26 are simulations of discrete gusts.
The values of mass flow rate amplitude are selected from
inlet conditions of four steady cases. The durations of dis-
crete gusts are 0.05 s, 0.1 s, and 0.2 s. For the convenience
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Figure 7: Velocity contours and streamlines of steady jet cases.

Table 4: 3D unsteady case description.

Case M3D (kg/s·m) f (Hz) Blowing activation ratio Case M3D (kg/s·m) f (Hz) Blowing activation ratio

39 0.2758 5 100% 42 0.2421 10 100%

40 0.2758 10 100% 43 0.3240 10 100%

41 0.2758 20 100% 44 0.2758 10 85%

Table 3: 2D unsteady case description.

Case M2D (kg/s) f (Hz) Case M2D (kg/s) f (Hz)

15 0.2421 5 21 0.2885 5

16 0.2421 10 22 0.2885 10

17 0.2421 20 23 0.2885 20

18 0.2758 5 24 0.3240 5

19 0.2758 10 25 0.3240 10

20 0.2758 20 26 0.3240 20
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of expression, frequency is used to refer to the duration.
There are 6 different conditions to study the effects of side-
wall and spanwise blowing activation ratio on gusts in 3D
simulations. The blowing activation ratio in the table refers
to the ratio of the spanwise length of the jet-opening region
to the vane’s span length. The purpose of the last case is to
explain and study the behavior in the report [19], which is
to only activate a portion of the spanwise jet to prevent rapid
attenuation of the gust. Considering that the typical half-
model or full-model spanwise length can reach 50% to

60% of the test section width, an activation ratio of 85%
is selected as the comparison condition to ensure that
the gusts generated in the model area are in phase. It
should be noted that when setting the inlet condition of
internal flow in the 3D case, the amplitude of the mass
flow rate M in the corresponding 2D case needs to be
multiplied by the active spanwise length. For all cases,
the incoming Mach number is 0.4, the total pressure is
97 kPa, the total temperature is 288K, and the chord-
based Reynolds number is 1 6648 × 106.
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All 2D and 3D unsteady simulations take the steady
solutions without blowing as the initial conditions to save
calculation time. The time step of Δt = 1/1000f and 20
internal iterations is adopted in the computations, where
the definition of f is consistent with the above, the inverse
of duration for discrete gusts.

3. Results and Discussion

3.1. Results without Wind Tunnel Sidewalls

3.1.1. Steady Jet Results. The velocity contour and stream-
lines of the downstream flow field in some typical steady
cases are displayed in Figure 7. It can be seen from the
streamline distribution that both upper and lower main-
streams deflect downward, and the deflection angle increases
with the jet momentum coefficient. The separation angle of
the jet is an important indicator in the study of the Coanda
flow [25], as shown in Figure 8(a). The variation of jet sepa-
ration angle under various operating conditions is displayed
in Figure 8(b). It can be found that when Cμ is small, the jet
will separate before contacting the vane’s lower surface. The
jet separation position moves down continuously, and the
separation angle increases as Cμ rises. When Cμ reaching
0.0401~0.045, the separation angle increases sharply. Subse-
quently, the separation position of the jet remains basically
unchanged.

To evaluate the jet effect on downstream flow more
effectively, flow angle A is taken as the evaluation reference
of flow deflection. In unsteady cases, it is also called gust

angle, which is defined as A = arctan uy/ux , where ux and
uy represent the local x and y velocity components, and
A < 0 means that the vertical velocity component is pointing
the negative y direction. The term gust angle is used below for
ease of expression, and its absolute value rather than the
actual value is used to represent the deflection angle. As
shown in Figure 9, the y velocity contour and gust angle iso-
line of case 9 are shown. In general, the flow deflection caused
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by the trailing jet decays obviously along the streamwise
direction, while it varies nonuniformly in the wake area due
to the influence of the shear layer.

There are 9 monitoring points (P1 to P9) setting at 2c, 3c,
and 4c away from the vane tail in a streamwise direction, as
presented in Figure 4. Figure 10 shows the changes in the gust
angle at these monitoring sites with jet intensity. The coordi-
nates of the positions are given in the figure, with the coordi-
nate origin located at the half-chord length of the vane. At
the same x position, the gust angles at y = 0 and 0.5c are very
close, while the data at y = −0 5c is smaller than that at the
other two positions. The difference between them hardly
changes with jet intensity but gradually decreases with the
increase of streamwise distance. Observing the figure, it is
found that there are two obvious linear relationships between
the gust angle and jet momentum coefficient. As shown in
Figures 7(a) and 7(b), the first six groups of data correspond
to the flow state that the jet separation position changes with
the jet momentum. When Cμ > 0 0401, the jet separates from
a fixed position, and the slope of the curve in the figure
increases slightly. However, this change is less significant as
the streamwise distance increases. Earlier studies on the circu-
lation control airfoil point out [29] that the relationship
between the aerodynamic performance of airfoils and jet
momentum coefficient can be divided into two stages, separa-
tion control zone, and supercirculation control zone. The dif-
ference between them is mainly reflected in the different
control efficiency of the jet on the lift coefficient. This phenom-
enon is believed to be caused by the jet separation position on

the trailing edge profile and the interaction of the jet and the
oncoming flow. As the blowing increases, the flow near the wall
is entrained and mixed with the Coanda jet. The separated jet
penetrates the low-energy wake region and induces streamline
deflection. Combined with the numerical results in this section,
it can be inferred that there is a similar piecewise relationship
between the flow deflection caused by steady blowing and the
jet intensity. The first linear stage is mainly caused by the jet
separation position on the trailing edge, which depends on
the blowing strength. However, when the jet separation posi-
tion is fixed and no longer changes as the jet momentum
increases, the interaction of the jet and the oncoming flow is
the major factor leading to the different slopes of the latter part
of the curve.

3.1.2. Unsteady Jet Results. Figure 11 shows the transient
contours of the gust angle in case 23, where the jet duration
is 0.05 s. The gust angle is first positive in the downstream area
when the trailing edge blowing starts. Then, it turns to nega-
tive, which indicates the expected deflection direction, as the
upstream disturbance propagates. We can see the sudden
change in the gust angle near the centerline. This is one of
the reasons why paired devices are usually used in wind tun-
nels because the distortion of the local flow field will occur at
the position on the path of the unsteady jet wake.

The variation curves of Cμ in case 21~23 are plotted in
Figure 12, including a grey line indicating the value in case
7. The mass flow rate amplitudes are the same in these cases.
Although we did not directly specify the jet momentum

Time, t (s)

G
us

t a
ng

le
, A

(°
)

G
us

t a
ng

le
, A

(°
)

G
us

t a
ng

le
, A

(°
)

G
us

t a
ng

le
, A

(°
)

f = 5 Hz f = 10 Hz f = 20 Hz

M
 =

 0
.2

42
1 

kg
/s

M
 =

 0
.2

75
8 

kg
/s

M
 =

 0
.2

88
5 

kg
/s

M
 =

 0
.3

24
0 

kg
/s

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

−2

−4

0.05

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

−2

−4

0.05

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

−2

−4

0.05

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

−2

−4

0.05

0.10 0.15

0.10 0.15

0.10 0.15

0.10 0.15

0

−2

−4

0

−2

−4

0

−2

−4

0

−2

−4

Time, t (s)

0.10 0.15

0.10 0.15

0.10 0.15

0.10 0.15

0.20 0.05

0

−2

−4

0.20 0.05

0

−2

−4

0.20 0.05

0

−2

−4

0.20 0.05

0

−2

−4

Time, t (s)

P1
P2
P3
P4

P5
P6
P4-steady

P1
P2
P3

P4
P5
P6

P1
P2
P3

P4
P5
P6

Figure 13: Time history curves of gust angle in discrete gust cases.

11International Journal of Aerospace Engineering



coefficient as the inlet condition, the curve maintains a
smooth pulse shape similar to the “1-cos” profile. The data
shows that at 5Hz and 10Hz, the amplitude of the unsteady
jet momentum coefficient is equal to that in the steady jet
case, while the value at 20Hz is 1% less. Due to the simple
configuration of the internal channel, the loss of momentum
with frequency is not obvious here.

The time history curves of gust angle at P1~P6 in cases
15~26 are presented in Figure 13. Obviously, the amplitude
of the gust angle increases with the increase of frequency and
jet momentum coefficient. Taking the data at P4 as an example,
the amplitudes in cases 15~17 are 1.95°, 2.17°, and 2.57°, which
are 4.02%, 15.76%, and 37.09% higher than that of the steady
case, respectively. Furthermore, there is a difference in the
amplitude at different vertical positions due to the unsteady
effect of high frequency. Figure 14 plots the peak values of
the gust angle curve at P4~P6 in all discrete gust cases.

Figure 13 also shows the difference in gust shape among
the cases with different jet intensity. When the amplitude of
Cμ is small, the symmetry and smoothness of the gust shape
are good, especially near the peak. With the increase in fre-
quency, the curve will be more inclined in the initial stage
of jet enhancement. That is the peak hysteresis caused by
the unsteady effect, similar to the phenomenon in unsteady
aerodynamics. However, when the amplitude of the Cμ is
large, as presented in the lower part of the figure, curves

are unsmooth and asymmetric with two turning points, even
at low frequencies. This is undesirable for the target of sim-
ulating the “1-cos” shape accurately.

The inlet conditions of case 15~20 correspond to the
state that the jet does not completely flow over the trailing
edge in the steady cases. Case 21~26 corresponds to the state
where the jet separation position is fixed. Combined with the
previous results, it can be considered that the different
deflection efficiency in the above two flow states leads to
the unsmooth and segmented curves of the gust angle. The
critical amplitude of the jet momentum coefficient is about
0.0401~0.0450 in this study.

The gust angle and jet momentum coefficient data at the
monitoring point P5 when gust frequencies equal 5Hz and
20Hz are extracted, respectively. After amplitude normaliza-
tion and starting time alignment, the change of gust shape
can be seen more clearly, as shown in Figure 15. It shows
that the gust shape is more similar to the jet momentum
coefficient curve than the standard “1-cos” shape, which is
also the profile of the mass flow rate. In order to quantify
the similarity of waveforms, cross-correlation calculation is
performed between the gust profile and the other two curves
according to Eqs. (7) and (8), and normalized cross-
correlation coefficients are obtained. The results are shown
in Table 5, where r̂gs represents the cross-correlation coeffi-
cient between the gust shape and the “1-cos” curve, and
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r̂gm represents the coefficient between the gust shape and the
Cμ curve.

rxy j = 〠
N−j−1

i=1
x i y i − j , 7

rxy,n j =
rxy j

rxx 0 ryy 0 8

As can be seen, the cross-correlation coefficient r̂gm can
reach over 0.94, while r̂gs drops to a minimum of 0.86. Based
on the data variation, the increase in frequency has a greater
impact on the calculation results than the impact of jet
momentum. This reveals that the control of the jet momen-
tum coefficient curve plays a key role in accurately simulat-
ing the gust shape. Since the jet momentum cannot be
directly controlled in the experiment, the corresponding
relationship between it and the mass flow rate in the plenum
chamber needs to be found by measuring the jet velocity at
the slot.

In addition, the reverse rise at the beginning and the
ending of gust profiles can be found, corresponding to the
red contour area in Figure 11. The response amplitude to
this effect appears to be different at different locations. The

longer the streamwise distance is, the greater the influence
in the initial stage is. According to Ref. [18], the reverse
increase of the gust angle seen in the figure is mainly caused
by the starting vortex and the stopping vortex created when
generating and losing lift on the vane, induced by the change
of circulation through the starting and cessation of blowing.
And this is also the main reason for the decrease in the
cross-correlation coefficient at high jet frequencies. To get
a more ideal gust shape, this influence might be reduced by
decreasing the vorticity at the gust’s beginning and end in
an appropriate way [12].

3.2. Results with Wind Tunnel Sidewalls

3.2.1. Blowing Activation Ratio = 100%. Firstly, the 3D flow
patterns with all blowing activation under different gust
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Table 5: Cross-correlation coefficient of normalized curves.

Case M2D (kg/s) f (Hz) r̂gs r̂gm
15 0.2421 5 0.9624 0.9986

17 0.2421 20 0.8695 0.9518

24 0.3240 5 0.9578 0.9968

26 0.3240 20 0.8654 0.9459
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frequencies are analysed. Figure 16 shows the streamlines
starting from the trailing edge jet slot at the moments when
Cμ is maximum and the gust angle at the position (x = 5c,
y = 0, z = 5c) reaches the peak. The corresponding time
information is written in the graph. The streamwise vortical
structure is marked with the positive Q criterion isosurface
and colored with x vorticity. There are obvious vortices near
the sidewall, which can be divided into two parts according
to the mode. The first part is the main vortex, which extends
longer in the streamwise direction. The other vortex is closer

to the wall, has a smaller vorticity, and breaks down under
high-frequency jets. According to the indication of the
streamlines, the main vortex is formed by the rolling up of
the Coanda jet and rises in the opposite direction due to the
induced velocity. The secondary vortex is formed by the inter-
action between the sidewall boundary layer and the vane’s end
and is affected by the main vortex.

It is reasonable to assume that the main vortex will have
a positive effect on gust intensity. The x vorticity contour
indicates that the main vortex is oriented in the +x direction.
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The rotating direction is clockwise while observing along the
flow. As a result, the influence of the main vortex on the
deflection of streamlines is consistent with that of the
Coanda jet. However, the secondary vortex breaks down
along the stream. The rotating direction of the part near
the sidewall is opposite to the main vortex, while the part
entrained by the main vortex is in the same direction as
the main vortex.

Consistent with the results of steady blowing [22], the
flow at most spanwise locations near the midspan plane is
quasi two-dimensional. At the same time, it can be clearly
seen that the influence of the main vortex on the mainstream
is reflected in the spanwise variations of the shape stream-
lines. When f = 5Hz, there is no significant change in the
flow between these two moments, and a clear interface can
be seen in the streamlines. When f = 10Hz, it gradually
shows the influence of vortex on the streamlines. While
when f = 20Hz, the impact of the vortex on the streamlines
of the mainstream region is hardly ever seen. This indicates
that the low jet frequency produces sufficient time for the
development of the sidewall vortex, thereby exacerbating
the impact on the main flow.

The vorticity magnitude contours of the x = 5c plane are
presented in Figure 17, showing the distribution of sidewall
vortices and jet wake. The vertical position of the jet wake
represents the degree of flow deflection, which is consistent
with the 2D flow. The lower it is, the bigger the gust angle
is. The vertical distance of the sidewall main vortex also var-
ies at various frequencies. The vortex core is located closer to
the central plane (y = 0) in the high-frequency solution. The
reason for this difference may be that the flow deflection
caused by the Coanda jet can also affect the reverse-
induced velocity of the sidewall vortices, limiting its develop-
ment. At high frequencies, the gust angle is bigger, so this
limitation is more apparent.

Figure 18 shows the results under different mass flow
rate amplitudes. Similarly, the vertical distance of the main
vortex on the sidewall decreases with the increase of gust
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Table 6: Comparison of jet momentum coefficient between 2D and
3D simulations.

Case f (Hz) Dimension Cμ

18 5 2D 0.0401

39 5
3D (midspan) 0.0402

3D (whole) 0.0351

19 10 2D 0.0401

40 10
3D (midspan) 0.0402

3D (whole) 0.0352

20 20 2D 0.0398

41 20
3D (midspan) 0.0400

3D (whole) 0.0349
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angle. This confirms the above speculation that sidewall vor-
tices interact with gusts in the mainstream.

Firstly, the distinctions between 2D and 3D simulations
are studied by comparing the flow patterns. Figure 19 shows
the transient velocity contours and jet separation angles at dif-
ferent spanwise positions in case 39 at t = 0 112 s. Compared
to the 2D solution, the spanwise variation of the flow demon-
strates the complex 3D characteristics of this solution, espe-
cially in the near-wall region. At z = 0 01c (0.1% span), the
front stagnation location is away from the vane surface, and
the jet curls up after separation. At z = 0 2c (2% span), the
front stagnation point is found on the surface of the vane.
The flow at z = 2 5c (25% wingspan) and 5.0c (50% span) is
basically consistent with the 2D results, and the jet continues
to penetrate the flow field downward after separation. These
results are similar to the findings in Ref [22]. The jet

separation angles at different spanwise locations are plotted
in Figure 19(b). When z < 0 5c (5% span), θsep is smaller than
the midspan result and increases along the spanwise. θsep
reaches its maximum near z = 0 5c and is greater than the
midspan and 2D results. Between z = 2 0c (20% span) and
5.0c, θsep remains almost unchanged, approximately equal to
the 2D result. This indicates that the influence of streamwise
vortices on the flow of the Coanda jet is mainly concentrated
within the 20% span range near the sidewall.

Next, we compare the generation of gusts to further illus-
trate the differences between 2D and 3D simulations. The
time history curves of the gust angle at the position (x = 5c,
y = 0) are shown in Figure 20. Under different gust dura-
tions, the shapes of the two corresponding curves are very
similar, but the peaks are slightly different. For the conve-
nience of observation, the gust angle amplitude ratios of
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Figure 22: Time variation of gust angle on the monitoring line.
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3D and 2D results are extracted and presented in Figure 21.
Three vertical positions were selected considering the effect
of the relative position to the vortex, including y = 0,
-1.5c, and 1.5c. The gust angle amplitude in the 3D case is
slightly larger than that in the 2D case, with the ratio getting
smaller as the frequency increases. Table 6 lists the peak of Cμ

for the corresponding cases, including the midspan results
and the whole span results from the same 3D solution. It is
evident that the 2D and 3D midspan results are almost the
same, while the whole span results decrease due to the side-
wall effect. This implies that the vortex rolled up on the side-
wall has almost no influence on the Coanda jet in the
midspan plane. Therefore, it also demonstrates that the
amplification of gust amplitude at midspan is mainly due to
the downwash in the downstream flow field caused by side-
wall vortices.

Next, the spanwise distribution of gusts caused by sidewall
effects is analysed by comparing the temporal and spatial char-
acteristics of the gust angle at different jet frequencies. The
gust angle results of the three monitoring lines in the x = 5c
plane are shown in Figure 22. In general, the gust amplitude
distribution is uniform near the midspan plane, and good
phase synchronization is maintained. However, it should be
noted that the sidewall vortices have different effects at differ-
ent vertical positions. For both vertical distances above the
centerline, the flow near the sidewall follows the opposite
direction of the expected gust, but the reverse peak value varies
inversely with gust frequency. This should be related to the
change in the vertical position of the vortices. As the frequency
increases, the sidewall vortices move downward, closer to the
monitoring line (y = 0), so its reverse flow angle is larger.
Meanwhile, this value of the monitoring line (y = 1 5c) is
smaller, because the vortex is farther away. As for themonitor-
ing line (y = −1 5c), it seems that the influence of sidewall vor-
tices is no longer dominant, and there is no reverse flow.

In order to compare the spanwise uniformity at different
frequencies more directly, the results of the gust amplitude

ratio are shown in Figure 23, with the value at the midspan
set to 1. Table 7 lists the spanwise ranges where the ampli-
tude deviation is within 10%. Although the difference of
the monitoring line (y = 1 5c) is not significant, it can still
be concluded that the span uniformity is worst at the gust
frequency of 5Hz.

Before the gust response test, measurements of gust in
the wind tunnel are required to assess gust strength, shape,
and spatial uniformity. From the above results, the situation
that has the greatest impact on the spanwise distribution is
the low-frequency blowing, which requires special attention.
We speculate that while the sidewall streamwise vortex pro-
motes the gust amplitude, its influence range is likewise
restricted by the gust because the induced velocity of the
vortex itself is opposite to the gust velocity. At high blowing
frequencies, this limitation is more obvious due to the
greater gust velocity.

3.2.2. Blowing Activation Ratio = 85%. Moreover, Ref. [18,
19] mentioned that the trailing edge blowing at the vane end
was inactive during the test to avoid the gust being damped

0 1 2 3 4 5
−3

−2

−1

0

1

2

0 1 2 3 4 5
−3

−2

−1

0

1

2

0 1 2 3 4 5
−3

−2

−1

0

1

2
A

m
pl

itu
de

 ra
tio

, A
/A

m
id
sp
a
n

y = −1.5 c y = −0 y = 1.5 c

f = 5 hz
f = 10 hz
f = 20 hz

z (c) z (c) z (c)

Figure 23: Time variation of gust angle on the monitoring line.

Table 7: Results of spanwise uniformity.

Vertical position f (Hz) Spanwise range

y = −1 5c
5 64.2%

10 70.6%

20 73.6%

y = 0
5 43.8%

10 50.4%

20 60.6%

y = 1 5c
5 79.0%

10 80.0%

20 79.4%
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out in too short a distance downstream of the rig vanes. How-
ever, the motivations and functions of this approach have not
been publicly demonstrated before. In order to reveal the
mechanism, the flow with blowing partially activated was
simulated in this section. The jet is not open in the 15% of
the vane near the sidewall. Figure 24 presents the transient
vortical structure, streamlines, and vorticity magnitude con-
tours at t = 0 07 s, corresponding to Figure 16. Two vortices
can be clearly found, located near the sidewall and at the end
of trailing edge blowing. According to streamlines, the air
flowing opposite to the gust is generated in over 15% of the
spanwise region due to these two vortices.

A comparison of the gust of cases 40 and 44 is provided
below to demonstrate the effect of partially closing the blow-
ing at the vane’s end. When setting the inlet conditions of
case 44, adjust the total mass flow rate amplitude to ensure
the same value per unit spanwise length. The results show
that the jet momentum coefficients at the midspan plane of
these two cases are almost equal, with values of 0.0402 and
0.0401, respectively. This difference is small enough that
the comparison between the two simulations is meaningful.

Figure 25 shows the spanwise distributions of gust angle
amplitude of the monitoring line (x = 5c, y = 0). In most
regions near the midspan plane, the gust amplitude obtained
in case 44 is larger. The values at the midspan plane are 2.18°

and 1.56°, an increase of approximately 40%. This amplifica-
tion effect is significant. However, severe spanwise nonuni-
formity occurs near the position where the jet stops, due to
the influence of the main vortex. After simple calculations,
the range where the amplitude deviation is within 10% only
covers 33.1% span length.

The main vortex formed by the jet sheet curling has a
greater impact on the mainstream gust as it moves away
from the sidewall. It not only increases the amplitude of
gusts, thereby avoiding rapid fading along the flow path, but
also reduces the mass flow rate demand for blowing. Never-
theless, this cross-flow vortex generates a varied cross-plane
velocity distribution that results in the gust amplitude varia-
tion along the typical model span. Therefore, in the experi-
ment, it is necessary to adjust the spanwise distribution of

mass flow rate or plenum pressure to achieve uniform gusts
in the model area according to the test requirements.

4. Conclusions

In this paper, the flow around a new type of gust generator has
been numerically simulated to verify the discrete gust genera-
tion ability of trailing edge blowing under subsonic inflow.
Results preliminarily reveal the influence of jet control param-
eters on gust characteristics and verify the effectiveness of par-
tial spanwise blowing on increasing gust amplitude.
Specifically, the following conclusions are obtained.

The frequency and momentum of unsteady jets are the
main factors affecting discrete gust characteristics. Firstly,
the higher the jet frequency, the greater the amplitude of
the gust angle due to unsteady effects. In this study, the
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5Hz jet induces a quasisteady gust with a less than 5% var-
iation in amplitude from the steady result, while the 20Hz
jet increased the amplitude by 37%. Secondly, an increase
in jet frequency could result in reverse peaks at the begin-
ning and end of the jet, which causes discrepancies between
the generated and expected gust shapes. The gust amplitude
is also positively correlated with the jet momentum. There is
a critical value where the gust shape is smooth when the jet
momentum is less than this value, and cusps appear on the
profile when it is greater than this value. This is because
while the jet momentum is large, the farthest separation
position on the trailing edge remains fixed, which changes
the efficiency of the jet in deflecting the flow.

When considering the tunnel sidewall, the jet sheets near
the sidewall roll up to form a downstream vortex. The vortex
exhibits interactions with the generated discrete gusts. On
the one hand, the presence of the downwash results in an
increase of about 10% to 20% in the gust amplitude on the
symmetric plane, when compared to the 2D results. And the
spatial nonuniformity is generated. On the other hand, the
flow deflection caused by blowing can change the position of
the streamwise vortex core, resulting in differences in the
impact on the mainstream under different jet conditions.

Moreover, the impact mechanism of partially spanwise
blowing on gusts is revealed. When the activation ratio of
spanwise blowing is limited to 85%, streamwise vortices are
formed at both the sidewall and the spanwise position where
the blowing stops. Due to the main vortex being closer to the
mainstream, the gust amplitude at the symmetry plane has
increased by nearly 40%. This result provides a physical
explanation for the availability of this operation to reduce
gust attenuation. Although it may exacerbate the spanwise
nonuniformity of gust amplitude, the application of this
method remains beneficial in practice.

Nomenclature

A: Gust angle
c: Chord length
Crc: Rotation and curvature correction factor
Cμ: Jet momentum coefficient
F1, F4: Auxiliary function in turbulence model
Fj: Thrust generated by jet
k: Kinetic energy of turbulence
m: Mass flow rate
M: Amplitude of mass flow rate
p: Pressure
P: Production of kinetic energy of turbulence
q: Dynamic pressure
r̂gs, r̂gm: Normalized cross-correlation coefficient
Ri: Richardson number
R: Gas constant
t: Time
T : Temperature
u: Velocity
xj: Cartesian coordinates
β, β∗: Turbulence model coefficients
γ: Specific heat ratio

θsep: Jet separation angle
μ: Dynamic viscosity
ρ: Density
σk, σω: Turbulence model coefficients
ω: Specific dissipation of turbulence kinetic energy.
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