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Abstract: The rapid acquisition of flow field characterization information is crucial for closed-loop
active flow control. The proper orthogonal decomposition (POD) method is a widely used flow field
downscaling modeling method to obtain flow characteristics effectively. Based on the POD method,
a flow field reduced-order model (ROM) is constructed in this paper for the flow field control of a
hydrofoil of a blended-wing-body underwater glider (BWB-UG) with stabilized suction and blowing
forces. Compared with the computational fluid dynamics (CFD) simulation, the computational time
required to predict the target flow field using the established POD-ROM is only about 0.1 s, which is
significantly less than the CFD simulation time. The average relative error of the predicted surface
pressure is not more than 6.9%. These results confirm the accuracy and efficiency of the POD-ROM in
reconstructing flow characteristics. The timeliness problem of fast flow field prediction in BWB-UG
active flow control is solved by establishing a fast prediction model in an innovative way.

Keywords: proper orthogonal decomposition; active flow control; reduced-order model

1. Introduction

The blended-wing-body underwater glider (BWB-UG) is a new type of underwa-
ter glider with a flying wing layout. Compared with traditional underwater vehicles,
BWB-UGs have advantages such as long range, long operation time, and good economic
performance [1]. Various types of underwater gliders have been widely used in fields
such as marine resource development and environmental monitoring. The lift–drag ratio
is an important factor to measure the performance of underwater gliders. The larger the
lift–drag ratio, the greater the range under a single gliding cycle and the higher the gliding
efficiency. Therefore, increasing the lift–drag ratio is the key to improving the overall
performance of gliders. By optimizing the shape of the underwater glider, the lift–drag
ratio can be improved to some extent, but relying solely on shape optimization is limited by
flow separation and reduced internal space, which severely limits the detection capability
of underwater gliders [2].

Active flow control (AFC) technology is an important method for improving the
lift–drag performance of underwater gliders. It can be used to improve the flow field
and suppress noise by applying appropriate local perturbations to the flow environment,
coupled with the original flow field, to achieve local or global flow changes with low
energy consumption [3]. Common AFC techniques include blowing and suction [4], syn-
thetic jets [5], plasma [6], electromagnetic [7], micro-electro-mechanical systems, and smart
materials such as adaptive structures [8]. These methods are used in the design and aerody-
namic layout of aircraft to significantly improve the maneuverability and flight efficiency.
For example, constant-jet active flow control technology is widely used in aeronautical
applications such as increasing the lift–drag ratio of wind turbines, controlling the flow
separation of axial-pressure gases in aircraft engines, and improving the aerodynamic
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performance of aircraft wings [9–11]. Based on the published research results, it can be
concluded that blowing and suction, synthetic jets, and electromagnetic jets can all be used
in the AFC of the BWB-UG. Although plasma, micro-electro-mechanical systems, etc., have
not been used in the field of underwater vehicles, they can provide new ideas for further
research. Currently, research on AFC techniques is dominated by passive and open-loop
active flow control, while the investigation on closed-loop active flow control is still in
its infancy. In previous research, a detailed analysis of the flow field and hydrodynamic
characteristics of the BWB-UG equipped with steady blowing suction active flow control
has been conducted [12]. On this basis, a reduced-order model (ROM) investigation for
the hydrofoil of the BWB-UG flow control with steady-stream suction and jets based on
the POD method was carried out in this paper. The key to achieving closed-loop AFC is to
solve the problem of real-time calculation, and the establishment of a reduced-order model
of the flow field is one of the effective methods. That is, a low-order flow model is built
to simulate the original high-order model. Solving the low-order model can significantly
reduce the dimensionality of the computation, the amount of computation, and the com-
putation time [13]. As a result, rapid acquisition of flow field characteristic information is
achieved, so that the control strategy can be dynamically adjusted to achieve the optimum
control effect.

The proper orthogonal decomposition (POD) method has become one of the most
popular and widely used order reduction methods (ROMs) due to its ability to efficiently
reduce the order of a nonlinear system with very small error [14]. The POD method
provides the most optimal orthogonal basis, so that the projection of the sample data onto
these standard orthogonal basis decreases rapidly. By intercepting the first few orders of
modes with larger projections (containing higher energies), an approximate description of
higher-order data with fewer modal expansions can be achieved. That is, by extracting the
main feature information of the flow field to establish a ROM, the information in the flow
field can be reconstructed [15].

Since Lumely [16] applied the POD method to the study of turbulence, scholars have
used the POD method for flow field analysis and conducted a large number of studies.
Kidambi et al. [17] studied a nonlinear control method based on POD, which effectively
achieved the asymptotic adjustment of fluid velocity in a specified spatial domain. Wang
et al. [18] developed a low-dimensional ordinary differential model for the control of static
N-S equations based on the POD method. Min et al. [19] conducted a modal analysis
of parallel double cylinders using two data-driven methods: appropriate orthogonal
decomposition (POD) and dynamic mode decomposition (DMD). Sun et al. [20] proposed
a ROM of wind turbine blade flow fields, coupling an air–fluid reduced-order model with
wind turbine blades for fluid–solid coupling calculations, and it was shown that the ROM
has good accuracy and validity. Combining the raw data from wind tunnel experiments,
Wang et al. [21] applied POD combined with the interpolation method to predict the wind
pressure field. A nonlinear Galerkin method using POD for the low-dimensional modeling
of complex hydrodynamic systems was proposed by Kang et al. [22].

It has been shown that AFC technology has excellent potential for application in
improving the performance of underwater gliders. However, from the public research
literature, some preliminary research results have been achieved on the technical application
of open-loop AFC for BWB-UGs, there are relatively few studies on ROMs of the flow field
for closed-loop AFC, most of public papers are applied in aerospace and astronautics, and
there are very few studies applied in underwater gliders. Therefore, the investigation of
the reduced-order model for the hydrofoil of the BWB-UG flow control based on the POD
method is of great theoretical significance and application value for solving the important
problems in the closed-loop AFC of BWB-UGs.

In this paper, the hydrofoil of a BWB-UG under active flow control is investigated.
Section 2 introduces the physical model, the numerical computational model, and POD
method. Section 3 deals with the discussion and analysis of the results. In this section,
the flow field information both before and after the application of AFC is sampled, the
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ROM is calculated based on simulated data and using the POD method, then the flow field
prediction is achieved using interpolated predicted modal coefficients. After comparing
the results with the CFD simulations, conclusions are drawn in Section 4.

2. Model and Method
2.1. Physical Model

The hydrofoil model selected for this paper comes from the BWB-UG, which is a
correction of the NACA0012 standard hydrofoil as shown in Figure 1. It has a chord length
of 100 mm and a maximum thickness of 0.12 c at 0.3 c from the leading edge of the hydrofoil,
which is slightly thicker near the leading and trailing edges compared to the NACA0012.
The effects of parameters such as the angle of attack of the incoming flow (α), the constant
suction/jet angle (θsuction/θjet), and the velocity (Vsuction/Vjet) are mainly considered in
the active control of the hydrofoil flow field. The constant suction position is located at
0.7 c from the leading edge of the hydrofoil on the upper surface, with a suction opening
width h. The jet position is set at 0.5 c from the leading edge of the hydrofoil on the lower
surface, with a jet opening width h. As shown in Figure 2, h is defined as the width of the
jet opening along the direction of the chord length with a magnitude of 0.01 c.
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2.2. Numerical Sampling Method

In this paper, the flow field in the hydrofoil of a BWB-UG is investigated based on
the two-dimensional Reynolds-averaged Navier–Stokes equations (RANS) [23], the fluid
medium is incompressible seawater, and the governing equations are as follows:
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where p is the pressure; µ is the dynamic viscosity coefficient; u, v, and w are the time-
averaged velocity components of the fluid in the x, y, z directions; and u′, v′, w′ are the
velocity fluctuations of the fluid in the x, y, z directions.

A semicircular and rectangular plane region is adopted as the computational domain,
considering hydrofoil flow characteristics with AFC. The semicircular section has a radius
of 10 c, with the center of the circle located at the trailing edge of the hydrofoil, and the
rectangular section is 20 c × 15 c. The 2D structured grid has been meshed. The inlet
boundary is set to the inlet velocity, the specified velocity Vinlet = 0.514 m/s, and the
velocity direction is determined by the angle of attack. The jet inlet boundary is also set as a
velocity inlet, with the velocity magnitude determined by Vjet and Vsuction, and the velocity
direction is determined by θsuction and θjet. The outlet boundary is set as a pressure outlet,
the hydrofoil surface is a non-slip surface, and the specific computational setup and mesh
setup are shown in Figures 3 and 4. The enhanced wall treatment is used. The first grid
height of the boundary layer is 5 × 10−5 m, the number of boundary layers is 15, and the
thickness of the boundary layer is 1.8 × 10−3 m. The gird parameters are set to ensure that
the maximum y+ = 0.96 for the hydrofoil surface.
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The SIMPLEC algorithm coupled with pressure and velocity in ANSYS FLUENT
was chosen to solve the equations for numerical calculations. The k-ω SST is chosen
as the turbulence model, and the transport equations of k and w are expressed as the
following [24]: 

∂(ρk)
∂t + ∂(ρUik)

∂xi
= Pk + Dk +

∂
∂xi

[
(µ + σkµt)

∂k
∂xi

]
∂(ρω)

∂t + ∂(ρUiω)
∂xi

= Pω + Dω + ∂
∂xi

[
(µ + σωµt)

∂ω
∂xi

] (4)
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where Ui is the component of the flow velocity along the direction xi (i = 1, 2, 3); µ is the
dynamic viscous coefficient of the fluid; σk and σω are the modeling coefficients; Pk and
Pω are the generating terms; Dk and Dω are the dissipative terms; and µt is the turbulent
viscous coefficient.

The spatial discretization of the variables is chosen to be in the second-order upwind
format, the finite volume method is chosen as the solver, and the residual convergence
criterion is set to 106. The specific fluid medium is set to be incompressible seawater at
20◦ Celsius with a density of ρ = 1.024 × 10−3 kg/m3, the dynamic viscosity coefficient
is set to be a constant, µ = 1.0797 × 10−3kg/(ms−1), and the Reynolds number based on
the hydrofoil chord length is Re_c = 5 × 105. The calculations are performed using the
pressure solver in ANSYS FLUENT.

In order to ensure that the flow field calculations have sufficient computational accu-
racy and efficiency, grid independence validation is carried out to select the appropriate
number of meshes. Constant suction active flow control is imposed on the hydrofoil profile
by constantly adjusting the global mesh number. The incoming flow velocity is 0.514 m/s.
The suction velocity coefficient is 1. The suction deflection angle is 30◦. The angle of attack
is 2◦/6◦/10◦. The values of lift coefficients for different mesh sizes are shown in the Table 1.

Table 1. Grid independence validation.

Mesh Number
Lift Coefficient

AOA = 2◦ AOA = 6◦ AOA = 10◦

76000 0.2683 0.5895 0.5384
105000 0.2639 0.5886 0.5378
135000 0.2612 0.5861 0.5352
164000 0.2612 0.586 0.535

2.3. POD Method

The core idea of the POD method is to find the optimal standard orthogonal basis
functions in the mean-square sense from a set of time-series spatial data, based on the
specified information of the sampled flow field data, which usually come from the exper-
imental or numerical simulation results. As a result, fewer orthogonal basis expansions
are used to approximate the description of the higher-order data, ultimately enabling the
reconstruction and prediction of the flow field [25,26].

Considering the flow field characteristics of the hydrofoil, the incoming flow angle of
attack and jet parameters are taken as state parameters, and the snapshot data obtained
from the numerical simulation of the flow field are taken as sampling samples. As an
example, with the pressure field {P(x)} =

{
Pij(x) : 1 ≤ i ≤ M, 1 ≤ j ≤ N, x ∈ Ω

}
under

the variation of the incoming flow angle of attack α in a certain range, where M is the
number of grid nodes, N is the number of appropriately selected samples, and Ω is the
flow field domain, the pressure field can be expressed as follows:

{
Pij(x)

}
=


P11(x) P12(x) · · · P1N(x)
P21(x) P22(x) · · · P2N(x)

...
...

...
...

PM1(x) PM2(x) · · · PMN(x)

 (5)

The average of N sets of pressure field snapshot data is denoted as follows:

{
Pi(x)

}
=

1
N

N

∑
j=1

Pij(x), 1 ≤ i ≤ M (6)

The pulsation value of the pressure field can be expressed as follows:{
Pij

′(x)
}
= Pij(x)− Pi(x), 1 ≤ i ≤ M, 1 ≤ j ≤ N (7)
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The key to the POD method is to construct a set of optimal standard orthogonal
basis functions φ(x) that minimize the error value between the sampled samples and the
constructed term in the least-squares sense, so that the projection of the basis functions
φ(x) onto the sampled samples achieves the maximum value, max < 1

N

N
∑

j=1

∣∣Pij
′(x), φ(x)

∣∣2
(φ(x), φ(x)) = ∥φ(x)∥2 = 1

(8)

(φ(x), φ(x)) is the inner product and ∥φ(x)∥2 is the norm over the domain Ω. φ(x) is
a set of standard orthogonal bases of the vector set

{
Pij

′(x)
}

, then

φ(x) =
N

∑
j=1

aiPij
′(x) (9)

The maximum problem of the above equation can be solved by defining a kernel
function and an operator between this kernel function and the desired basis, where the
kernel function W and the operator R can be defined as follows:

W
(
x, x′

)
=
(

Pij
′(x), Pij

′(x′)) (10)

Rφ(x) =
∫

Ω
W
(

x, x′
)

φ
(
x′
)
dx′ (11)

Suppose the kernel function in the above is defined as follows:

W
(

x, x′
)
=

1
N

N

∑
j=1

Pij
′(x)Pij

′(x′) (12)

Bring this into Equation (11) and make an inner product of φ(x) and Rφ(x):

(φ(x), Rφ(x))
=
∫

Ω
Rφ(x)φ(x)dx

=
∫

Ω

∫
Ω

W(x, x′)φ(x′)dx′φ(x)dx

= 1
N

N
∑

j=1

∫
Ω

∫
Ω

Pij
′(x′)Pij

′(x)φ(x′)dx′φ(x)dx

= 1
N

N
∑

j=1

∣∣(Pij
′(x), φ(x)

)∣∣2
(13)

R is a non-negative symmetric operator. From Equation (12), we can see that the
problem of finding the maximum value of Equation (8) is equivalent to the problem of
finding the maximum eigenvalue of the operator R:

Rφ(x) = λφ(x), ∥φ(x)∥2 = 1 (14)

Substituting Equations (9), (11) and (12) into Equation (14), we obtain

N

∑
j=1

[
N

∑
k=1

(
1
N

∫
Ω

Pij
′(x′)Pik

′(x′)dx′
)

ak

]
Pij

′(x) =
N

∑
j=1

λajPij
′(x) (15)

where Pij
′(x) is a set of linearly independent pressure fields, which can be simplified to

the following:
Cjk Al = λAl (16)
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The autocorrelation matrix is Cjk = 1
N
∫

Ω
Pij

′(x)Pik
′(x)dx, and the eigenvector

Al =
[

al
1, al

2, · · · , al
N

]T
. The matrix Cjk is a non-negative Hermitian matrix, usually of

low order, so the Jacobi method or singular value decomposition (SVD) can be chosen to
solve the eigenvalues and eigenvectors of the matrix.

In this paper, the SVD method is used to solve Equation (16) to obtain the matrix
Cjk corresponding to the eigenvectors Al, whose eigenvalues are ordered from smallest to
largest as λ1 ≥ λ2 ≥ · · · ≥ λl > 0, and the standard orthogonal basis function (POD basis)
can be obtained as follows:

φl(x) =
N

∑
j=1

al
jPij

′(x) (17)

Any flow field in the sampled flow field can be projected onto the standard orthogonal
basis functions φ(x) to obtain the corresponding modal coefficients bl

j, and the reconstructed
flow field can be expressed as the following:

Pl
POD(x) =

N

∑
l=1

bl
j φl(x) (18)

With the dimensionality reduction property of the POD method, after solving for
the eigenvalues obtained, a suitable truncation order d (modal order) can be selected
for dimensionality reduction, where d << N, where the magnitude of the eigenvalue
represents its ability to capture the generalized flow field data E in the flow field:

E =
∫ 〈

Pi
′(x), Pi

′(x)
〉
dx =

∫
Wii(x, x)dx = ∑

n
λn (19)

The flow field is reconstructed by determining the order and modal coefficients cor-
responding to the modes using the POD method analysis approach. The modal coeffi-
cients are determined using an interpolated solution, and an efficient approximation to
the original data space is achieved by small-scale computations of the modal orders and
corresponding coefficients. This reduces the computational effort required for flow field
simulation. The original sampled flow field is reconstructed with a low-order POD-ROM,
and the reconstructed flow field can be expressed as the following:

Pl
POD(x) =

d

∑
l=1

bl
j φl(x) (20)

3. Discussion and Analysis of Results
3.1. Flow Field Information Sampling
3.1.1. Flow Field without AFC

Typically, a BWB-UG glides at a speed of about 1Kn(0.514 m/s) with a small angle
of attack. Therefore, in this paper, the numerical simulation is carried out for the base
flow field with the inlet velocity Vinlet = 0.514 m/s and the angle of attack α is set to
0◦ ∼ 12◦ (with an interval of 0.6◦). After the calculation, the pressure distributions of the
hydrofoil surfaces under 21 operating conditions were used as sampling data to establish
the reduced-order model, as shown in Figure 5.
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Figure 5. Surface pressure distribution of hydrofoil at different angles of attack in the base state;
(a) α = 0◦~1.8◦; (b) α = 2.4◦~4.2◦; (c) α = 4.8◦~6.6◦; (d) α = 7.2◦~9.0◦; (e) α = 9.6◦~12.0◦.

3.1.2. Constant Suction Control Flow Field

Firstly, the ROM of the constant suction AFC flow field in the hydrofoil is carried out,
and the influence of suction velocity and suction angle on the control effect of the hydrofoil
at different angles of attack is considered based on the CFD simulation. The magnitude
of velocity is expressed by the suction velocity coefficient, Rsuction = Vsuction/Vinlet, with
a range of values from 0.2 to 1.0 with an interval of 0.2. The suction deflection angle
θsuction = 30◦ ∼ 150◦ at 30◦ intervals. The hydrofoil inlet velocity Vinlet = 0.514 m/s and
the angle of attack α varied from 0◦ to 12◦ with an interval of 2◦. The cross-combined
sampling method is used to calculate the flow field. When the angle of attack and suction
velocity coefficient are changed, the suction deflection angle is set to a fixed value of
θsuction = 90◦, and when the angle of attack and suction deflection are changed, the suction
velocity coefficient is a fixed value of Rsuction = 1.0. Each combination corresponds to
35 groups of calculation conditions, and the hydrofoil surface pressure distribution under
each condition is used as the sampling data to establish the reduced-order model of the
constant suction active flow control flow field, and the specific condition adjustment is
shown in Figure 6. With θsuction = 90◦, the surface pressure distribution of the hydrofoil at
different suction velocities and angles of attack is shown in Figure 7.

3.1.3. Constant Jet Control Flow Field

Secondly, the ROM of the constant jet AFC flow field in the hydrofoil is carried out.
The effect of jet velocity and jet angle on the control effect of the hydrofoil at different
angles of attack is considered. The magnitude of the velocity is expressed by the jet
velocity coefficient Rjet = Vjet/Vinlet, which takes values from 0.2 to 1.0 at 0.2 intervals.
The jet deflection angle θjet = 30◦ ∼ 150◦ at 30◦ intervals. The hydrofoil inlet velocity is
Vinlet = 0.514 m/s and the angle of attack α varied from 0◦ to 12◦ at 2◦ intervals. Similar
to Section 3.1.2, when the angle of attack and the jet velocity coefficient are changed, the
jet deflection angle is set to a fixed value of θjet = 90◦. Each combination corresponds
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to 35 sets of computational conditions, and the hydrofoil surface pressure distribution
is used as the sampling data for building a ROM of the jet-controlled flow field. With
θjet = 90◦, surface pressure distributions of the hydrofoil at different constant jet velocities
and different angles of attack are shown in Figure 8.
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Figure 6. Hydrofoil flow field conditions with different variable combinations for suction flow
control. (a) Suction velocity coefficient + angle of attack of incoming flow; (b) Suction flow deflection
angle + incoming flow angle of attack.
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Figure 7. Surface pressure distribution of the hydrofoil at different suction velocities and angles of
attack; (a) Rsuction = 0.2, α = 0 ∼ 12◦; (b) Rsuction = 0.4, α = 0 ∼ 12◦; (c) Rsuction = 0.6, α = 0 ∼ 12◦;
(d) Rsuction = 0.8, α = 0 ∼ 12◦; (e) Rsuction = 1, α = 0 ∼ 12◦.
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Figure 8. Surface pressure distribution of the hydrofoil at different constant jet velocities and different
angles of attack; (a) Rjet = 0.2, α = 0 ∼ 12◦; (b) Rjet = 0.4, α = 0 ∼ 12◦; (c) Rjet = 0.6, α = 0 ∼ 12◦;
(d) Rjet = 0.8, α = 0 ∼ 12◦; (e) Rjet = 1, α = 0 ∼ 12◦.

3.2. Reconstruction of Flow Field Based on the POD Method

Based on the POD method, the modes are classified according to the difference in
generalized energy levels based on the distribution characteristics of the eigenvalues of the
flow field in the hydrofoil, and the order with a generalized energy share greater than 99%
is taken as the truncation order d. The generated hydrofoil flow field data are subjected
to the POD method, and the fundamental mode of the flow field and the corresponding
eigenvalues can be obtained. The ratio of the sum of the eigenvalues corresponding to the
first d-order fundamental modes to the sum of all eigenvalues is defined as the generalized
energy share of the first d-order fundamental modes, which features characterize the
amount of flow field information contained in the first d-order dominating modes. Mean
relative error (MRE) is used as a measure of the accuracy of the reconstructed flow field
data, and the MRE of the hydrofoil surface pressure field can be expressed as the following:

εP =
1
M

M

∑
m=1

(∣∣∣∣∣P
(m)
POD − P(m)

CFD

P(m)
CFD

∣∣∣∣∣× 100%

)
(21)

where M is the number of mesh nodes, P(m)
POD denotes the pressure value at the m-th grid

node obtained from the reconstruction, and P(m)
CFD denotes the pressure value at the m-th

grid node based on the CFD numerical simulation.

3.2.1. Flow Field without AFC

Based on the hydrofoil surface pressure data from the flow field without AFC, the
incident angle of attack α is varied from 0◦ ∼ 12◦ at 0.6◦ intervals, forming a sample size
of N = 21, and the number of hydrofoil surface mesh nodes in each set of conditions
is M = 728. The pressure distribution data at the mesh nodes on the surface of the
21 hydrofoils are selected as snapshot data, and the "pulsation amount" is used as a sample
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to construct an M × N sample matrix. The eigenvalues and eigenvectors of this matrix are
solved, and the distribution of the eigenvalues is shown in Figure 9. The magnitude of the
captured generalized energy is given in Table 2, where the generalized energy equal to 99%
corresponds to the truncation order d = 3. Therefore, the truncation order 3 is used as the
modal order for the ROM of the pressure distribution on the hydrofoil surface.
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Figure 9. Distribution of eigenvalues of the base flow field.

Table 2. Comparison of the generalized energy captured cumulatively by the main eigenvalues of the
base flow field.

Ordinal Eigenvalue Cumulative Captured Energy (%)

1 7.99 × 106 77.82
2 2.08 × 106 98.09
3 1.40 × 105 99.45

On this basis, the d-order POD basis is solved for the basal flow field in the hydrofoil
after downscaling.

φbase(x) =
3

∑
j=1

al
jPij

′(x) (22)

where αl
j is the coefficient obtained by solving for the autocorrelation matrix.

Based on the POD method, the corresponding modal coefficients bl
j can be obtained

by projecting any flow field in the sampled flow field onto the POD method to realize the
reconstruction of the flow field.

Pl
POD(x) =

N

∑
l=1

bl
j φbase(x) (23)

Comparing the hydrofoil surface pressure distribution obtained from the POD step-
down reconstruction with the CFD calculation data, it can be seen that the data are very
similar, as shown in Figure 10. Comparing the average relative error under each working
condition, it can be seen that when the hydrofoil is in the state of a small angle of attack
α ≤ 4.2◦, the average relative error εP is smaller, less than 2%; it increases and shows a
fluctuating change as α increases, and the maximum value is still less than 5%, as shown
in Figure 11. The reason for this is that at high angles of attack, the separation zone near
the trailing edge of the upper hydrofoil surface increases significantly, which changes the
generalized energy distribution of the flow modes of the flow field and affects the surface
pressure distribution, forming a localized low-pressure zone in the region of the trailing
edge, with a significant change in the pressure gradient on the upper surface.



Actuators 2024, 13, 194 12 of 18

Actuators 2024, 13, x FOR PEER REVIEW 12 of 19 
 

 

similar, as shown in Figure 10. Comparing the average relative error under each working 
condition, it can be seen that when the hydrofoil is in the state of a small angle of a ack 

4.2   , the average relative error P  is smaller, less than 2%; it increases and shows a 
fluctuating change as α increases, and the maximum value is still less than 5%, as shown 
in Figure 11. The reason for this is that at high angles of a ack, the separation zone near 
the trailing edge of the upper hydrofoil surface increases significantly, which changes the 
generalized energy distribution of the flow modes of the flow field and affects the surface 
pressure distribution, forming a localized low-pressure zone in the region of the trailing 
edge, with a significant change in the pressure gradient on the upper surface. 

  
(a) (b) 

Figure 10. Comparison of hydrofoil surface pressure under base flow field; (a) α = 6°; (b) α = 12°. 

 
Figure 11. Variation in the mean relative error of hydrofoil surface pressure at different incoming 
flow angles of a ack. 

3.2.2. Constant Suction Control Flow Field 
For the constant suction AFC field, the suction deflection angle and suction velocity 

are cross-combined with the angle of a ack of the incoming flow, respectively, to establish 
a ROM of the AFC field. The hydrofoil surface pressure distribution is used with the sam-
pling data with the number of grid nodes being 719M  . The suction deflection angle is 
 30 ~ 150suction      at 30   intervals, the angle of a ack    is 0 ~ 12    at 2   intervals, 
and the suction velocity coefficient  1.0suctionR   to form 35N   sets of sampling condi-
tions. The amount of pressure pulsation on the hydrofoil surface under each condition is 
used as the snapshot data to form a sampling matrix of M N . The eigenvalues and ei-
genvectors of this matrix are solved, and the distribution of the eigenvalues is shown in 

Figure 10. Comparison of hydrofoil surface pressure under base flow field; (a) α = 6◦; (b) α = 12◦.

Actuators 2024, 13, x FOR PEER REVIEW 12 of 19 
 

 

similar, as shown in Figure 10. Comparing the average relative error under each working 
condition, it can be seen that when the hydrofoil is in the state of a small angle of a ack 

4.2   , the average relative error P  is smaller, less than 2%; it increases and shows a 
fluctuating change as α increases, and the maximum value is still less than 5%, as shown 
in Figure 11. The reason for this is that at high angles of a ack, the separation zone near 
the trailing edge of the upper hydrofoil surface increases significantly, which changes the 
generalized energy distribution of the flow modes of the flow field and affects the surface 
pressure distribution, forming a localized low-pressure zone in the region of the trailing 
edge, with a significant change in the pressure gradient on the upper surface. 

  
(a) (b) 

Figure 10. Comparison of hydrofoil surface pressure under base flow field; (a) α = 6°; (b) α = 12°. 

 
Figure 11. Variation in the mean relative error of hydrofoil surface pressure at different incoming 
flow angles of a ack. 

3.2.2. Constant Suction Control Flow Field 
For the constant suction AFC field, the suction deflection angle and suction velocity 

are cross-combined with the angle of a ack of the incoming flow, respectively, to establish 
a ROM of the AFC field. The hydrofoil surface pressure distribution is used with the sam-
pling data with the number of grid nodes being 719M  . The suction deflection angle is 
 30 ~ 150suction      at 30   intervals, the angle of a ack    is 0 ~ 12    at 2   intervals, 
and the suction velocity coefficient  1.0suctionR   to form 35N   sets of sampling condi-
tions. The amount of pressure pulsation on the hydrofoil surface under each condition is 
used as the snapshot data to form a sampling matrix of M N . The eigenvalues and ei-
genvectors of this matrix are solved, and the distribution of the eigenvalues is shown in 

Figure 11. Variation in the mean relative error of hydrofoil surface pressure at different incoming
flow angles of attack.

3.2.2. Constant Suction Control Flow Field

For the constant suction AFC field, the suction deflection angle and suction velocity
are cross-combined with the angle of attack of the incoming flow, respectively, to establish
a ROM of the AFC field. The hydrofoil surface pressure distribution is used with the
sampling data with the number of grid nodes being M = 719. The suction deflection
angle is θsuction = 30◦ ∼ 150◦ at 30◦ intervals, the angle of attack α is 0◦ ∼ 12◦ at 2◦

intervals, and the suction velocity coefficient Rsuction = 1.0 to form N = 35 sets of sampling
conditions. The amount of pressure pulsation on the hydrofoil surface under each condition
is used as the snapshot data to form a sampling matrix of M × N. The eigenvalues and
eigenvectors of this matrix are solved, and the distribution of the eigenvalues is shown in
Figure 12. The magnitude of the captured energy is given in Table 3, where the energy equal
to 99% corresponds to the truncation order d = 11. Therefore, d = 11 is used as the modal
order for the ROM of the surface pressure distribution in the steady-state suction-controlled
hydrofoil flow field.
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Table 3. Cumulative energy captured by the main eigenvalues of the flow field at different suction
angle controls.

Ordinal Eigenvalue Cumulative Captured Energy (%)

1 1.73 × 107 70.73
2 6.09 × 106 95.58
3 4.76 × 105 97.52

. . . . . . . . .
11 8.84 × 102 99.99

Comparing the POD method with the CFD-calculated flow field data, it can be seen
that the hydrofoil surface pressure distribution data are very similar in both cases, as shown
in Figure 13. The average relative error εP of the hydrofoil surface pressure is less than 2%
in most of the operating conditions, as shown in Figure 14.
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Figure 14. Variation in the mean relative error of surface pressure of suction-controlled hydrofoil at
different angles of attack.

Subsequently, the suction deflection angle θsuction = 90◦, the suction velocity coefficient
Rsuction = 0.2 to 1.0 at 0.2 intervals, and the angle of attack α = 0◦ to 12◦ at 2◦ intervals
were investigated to form N = 35 sets of sampling conditions. The distribution of the
eigenvalues is shown in Figure 15. The magnitude of the captur ed energy is given in
Table 4. Using the same approach, d = 10 can be obtained as the modal order for the
ROM of the surface pressure distribution in the steady-state suction-controlled hydrofoil
flow field.
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Table 4. Cumulative energy captured by the main eigenvalues of the flow field at different suction
velocity coefficient controls.

Ordinal Eigenvalue Cumulative Captured Energy
(%)

1 1.69 × 107 71.26
2 5.43 × 106 94.19
3 7.25 × 105 97.52
... . . . . . .
11 1.20 × 103 99.99

Similarly, when the flow field reconstructed by the POD method is compared with
the flow field data calculated by CFD, it can be seen that the data of the hydrofoil surface
pressure distribution are very similar in both cases, as shown in Figure 16. The average
relative error εP of the hydrofoil surface pressure is less than 1% for most of the working
conditions, as shown in Figure 17.
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3.2.3. Constant Jet Control Flow Field

For the constant jet control flow field, the effects of the jet deflection angle and jet
velocity coefficient on the control flow field are also analyzed. Using the same method, the
truncation order d is determined based on the energy fraction of the flow field as well as
the modes, which are 16 and 12, respectively, and the resulting eigenvalue distributions are
shown in Figure 18. Comparing the POD downscaled reconstructed flow field with the
CFD-calculated flow field data, it can be seen that the hydrofoil surface pressure distribution
data are very similar in both cases, and the average relative error εP of the hydrofoil surface
pressure is less than 1% for most of the working conditions, as shown in Figures 19 and 20.
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Figure 18. Distribution of eigenvalues of jet control flow field; (a) impact of jet deflection; (b) impact
of jet velocity coefficients.
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Figure 19. Comparison of surface pressure and error distribution of hydrofoil with different jet
deflection angle control flow field. (a) α = 12◦, θjet = 30◦; (b) α = 12◦, θjet = 90◦; (c) α = 12◦, θjet = 150◦;
(d) change in average relative error.
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Figure 20. Comparison of surface pressure and error distribution of hydrofoil with different jet
velocity coefficients to control the flow field. (a) α = 12◦, Rjet = 0.2; (b) α = 12◦, Rjet = 0.6; (c) α = 12◦,
Rjet = 1.0; (d) change in average relative error.

3.3. POD-ROM Flow Field Prediction

Based on the established POD-ROM, combined with the interpolated predictive modal
coefficients, the predictive analysis of the flow field under any unknown state parameters is
carried out and the results are compared with those of the CFD simulations. The working
condition parameters, computation time, and error analysis are shown in Table 5, which
shows that the average relative error of the hydrofoil surface pressure under the positional
conditions predicted by the model is up to 6.9%, and its computation time is only in the
order of 0.1 s, which is much smaller than that of the CFD simulation. The current errors
are sufficient for engineering applications. The wall pressure distributions under different
working conditions are shown in Figure 21. The results predicted by the ROM are close
to the CFD simulation results, which can capture the main features of the flow field and
verify the accuracy of the POD-ROM for predicting the flow field.

Table 5. Setting and error analysis of predicted flow field conditions.

Predicted Working Conditions Working Condition Parameters
Computational Time(s)

εP
POD CFD

Flow field without AFC α = 7.5◦ 0.1 675 1.78

Suction-controlled flow field

α = 3◦, θ = 75◦

Ratio = 1.0 0.1 1516 4.27

α = 3◦, Ratio = 0.5
θ = 90◦ 0.1 1770 3.42

Blowing controlled flow field

α = 3◦, θ = 75◦

Ratio = 1.0, 0.1 575 6.90

α = 3◦, Ratio = 0.5
θ = 90◦ 0.1 445 1.59
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Figure 21. Comparison of pressure distribution in flow field predicted by POD-ROM. (a) Flow field
without AFC α = 7.5◦; (b) suction control α = 3◦, θ = 75◦, Ratio = 1.0; (c) suction control α = 3◦,
Ratio = 0.5, θ = 90◦; (d) jet control α = 3◦, θ = 75◦, Ratio = 1.0; (e) jet control α = 3◦, Ratio = 0.5, θ = 90◦.

4. Conclusions

In this paper, based on the POD method, the ROM for the hydrofoil of the BWB-UG
flow control with steady-stream suction and jets is investigated. The innovative POD
method is used to solve the challenge of rapid flow field prediction in BWB-UG closed-
loop active flow control. The established reduced-order model can effectively solve the
timeliness problem of flow field calculation in closed-loop AFC, while the error of the
model is sufficient to meet the needs of engineering applications. The main conclusions are
as follows:

1. A POD-ROM prediction for the hydrofoil of the BWB-UG flow control with steady
suction and blowing is successfully developed.

2. Compared to the CFD simulation, the computational time required to predict the
target flow field using the established POD-ROM is only about 0.1 s, which is much less
than the CFD simulation time.

3. The average relative error in predicting the surface pressure of the target using the
established POD-ROM is less than 6.9% compared to CFD simulations. The established
prediction model is valid.

The most difficult problem of closed-loop AFC is the timeliness of the flow field
calculation, i.e., how to give relatively correct results in the shortest possible time. Therefore,
in this paper, the investigation is carried out for a single variable. In future research, in-
depth studies can be carried out for the reduced-order modeling containing multi-factors
and high-dimensional data. The focus is on the nonlinear and strongly coupled relationship
between multiple factors. This will provide more accurate guidance for closed-loop active
flow control.
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