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Owing to the influence of the viscosity of the flow field, the strength of the shedding vortex decreases gradually in
the process of backward propagation. Large-scale vortexes constantly break up, forming smaller vortexes. In engineering,
when numerical simulation of vortex evolution process is carried out, a large grid is needed to be arranged in the area of
outflow field far from the boundary layer in order to ensure the calculation efficiency. As a result, small scale vortexes
at the far end of the flow field cannot be captured by the sparse grid in this region, resulting in the dissipation or even
disappearance of vortexes. In this paper, the effect of grid scale is quantified and compared with the viscous effect through
theoretical derivation. The theoretical relationship between the mesh viscosity and the original viscosity of the flow field
is established, and the viscosity term in the turbulence model is modified. This method proves to be able to effectively
improve the intensity of small-scale shedding vortexes at the far end of the flow field under the condition of sparse grid.
The error between the simulation results and the results obtained by using fine mesh is greatly reduced, the calculation time
is shortened, and the high-precision and efficient simulation of the flow field is realized.

Keywords: shedding vortex, viscosity analysis, numerical dissipation, turbulence models

PACS: 47.27.–I, 47.27.E–, 47.32.ck, 47.32.C– DOI: 10.1088/1674-1056/ac29ae

1. Introduction
The turbulence phenomenon is widely used in a large

number of engineering studies ranging from aeronautical air-
craft to biomedical equipment. Understanding and accurately
predicting the formation and evolution mechanism of vor-
tex structure plays an important role in solving modern engi-
neering design problems.[1] Owing to the particularity of the
helicopter rotor structure, the shedding vortex generated by
a single blade contacting the adjacent blade will cause new
mechanical problems.[2] To capture shedding vortexes accu-
rately and obtain related microscopic information, it is neces-
sary to divide millimeter-scale fine mesh in the vortex evolu-
tion region. Comparing with the vortex structure, the blade
size is much larger, and the boundary length of the calcu-
lated domain usually reaches several meters or even tens of
meters.[3] Because in the actual engineering research, there is
need to consider the requirements for calculation time and cal-
culation efficiency. If the outflow field grid is encrypted, it
takes a too long time to be calculated by traditional simula-
tion methods, which is obviously unacceptable in engineering
applications.[4] Therefore, the dense grid is arranged only near
the boundary layer on the airfoil wall and in a vortex genera-
tion region. In the vortex evolution region at the far end of the
flow field, the grid size gradually increases. In this case, the
grid form can measure only the variation of parameters such
as lift resistance, pressure, and St on the wall.[5–7] The sparse
mesh is no longer matched with the actual size of the vortex,

resulting in the dissipation or even disappearance of the vortex.
The two-dimensional rotor aerodynamics of propeller vortex
interaction cannot be further studied.

The current research focuses on developing a variety of
grid forms to improve the accuracy of small-scale flow struc-
ture simulation. For example, Yang et al.[8] proposed an
overlapping grid technology and multi-grid algorithm. This
method was applied to the numerical simulation of the vis-
cous flow around a hovering rotor, indicating that the cal-
culation time is reduced. Xu et al.[9] combined the over-
lapping mesh technique with the weighted essentially non-
oscillatory scheme to improve the ability to capture vortices.
Xia and Yang[10] developed an unsteady numerical simulation
method based on dynamic surface grid construction technol-
ogy to solve the problems related to propeller vortex inter-
ference. Tang et al.[11] developed a new MFBI algorithm to
solve the problem about low efficiency in the location cal-
culation of three-dimensional complex structures overlapping
grids. Markus et al.[12] used vortex-adapted Chimera child
grids to achieve a local refinement of the grid in the vicin-
ity of the vortex, and thus reducing the numerical dissipation
of the vortex. Nathan[13] used the fifth-order/seventh-order
spatially accurate ENO scheme in conjunction with overset
vortex refinement to improve the accuracy of wing-tip vortex
measurements for blunt wing tips. Unfortunately, the above
methods were applied only to certain models and incoming
flow conditions. And the grid distribution needs to be ad-
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justed in real time according to the evolution process of the
vortex. This method has poor universality and high operation
difficulty, so it is not suitable to being popularized in the en-
gineering field. Therefore, it is urgent to develop an efficient
vortex shedding simulation method for practical engineering
research. Based on changing no grid form, the corresponding
engineering requirements can be achieved by optimizing the
calculation method.

Up to now, Reynolds-averaged Navier–Stokes (RANS)
equation is still the most commonly used numerical simulation
method in aerodynamic design. However, for many complex
flow phenomena, satisfactory results cannot be obtained by
the traditional RANS method. With the continuous develop-
ment of turbulence model theory, researchers have found that
the viscosity coefficient contained in the RANS model is not
necessarily universal, and the optimal value usually depends
on the actual problem.[14] For example, the low-Reynolds-
number k–ε two-equation turbulence model can simulate more
complex flows than the zero-equation. However, it cannot
correctly predict the influence of a solid wall boundary on
turbulence.[15] Wilcox[16] proposed the k–ω model to over-
come the shortcomings of the k–ε model, enabling accurate
simulations of the flow state near the wall surface. The turbu-
lent viscosity is expressed as

µt = ρk/ω. (1)

The Wilcox k–ω model also has certain limitations. Its sim-
ulation accuracy for low Reynolds numbers, compressibility,
and shear flow propagation needs to be improved.[17] These
problems have been solved by using a correction coefficient
α∗ and other developments of the standard k–ω model. In this
case, the expression for the turbulent viscosity is modified into

µt = α
∗×ρk/ω. (2)

Menter[18] then developed the shear–stress transport (SST) k–
ω turbulence model, which combines the k–ω and k–ε models
by using a switching function. By further modifying the turbu-
lent viscosity, the new model achieves a good simulation effect
in different regions near the wall and at the far end of the flow
field. In the SST k–ω formulation, the turbulent viscosity is
expressed as

µt =

[
max

(
1

α∗
SF2

α1ω

)]−1

×ρk/ω. (3)

To sum up, the development of turbulence model theory pro-
vides us with good inspiration. Since the vortex is greatly
affected by the viscosity of the flow field in the evolution
stage, the influence of grid-scale on the flow field can be an-
alyzed and quantified. The theoretical relationship between
mesh scale and flow field viscosity is established to correct the

relative parameters in the traditional turbulence model. The
above-mentioned idea is referred to as viscosity compensation
correction method. This method solves the problem that the
traditional grid method cannot accurately simulate the evolu-
tion process of shedding vortex. At the same time, the effi-
ciency of vortex simulation is improved, and it can be applied
to engineering practice as well.

The remainder of this paper is organized as follows. The
theoretical framework of the viscous compensation correction
method is established in Section 2. Detailed normative ver-
ification based on the flow around a single-cylinder model
is presented in Section 3. To verify the universality of the
method and further modify the NACA0012 (National Advi-
sory Committee for Aeronautics 0012) airfoil and double-
cylinder model in Section 4. Finally, the correction effects
of three typical flows around the problem are summarized and
the conclusions are drawn in Section 5.

2. Turbulent viscosity adaptive correction model
2.1. Theoretical analysis

In engineering, Reynolds averaging is used to simplify the
two-dimensional steady-state incompressible Navier–Stokes
equations and obtain the RANS equations. With ν denot-
ing the physical viscosity of the fluid, which is an inherent
characteristic,[19] we can write

∂ui

∂xi
= 0,

∂ui

∂ t
+u j

∂ui

∂x j
=− 1

ρ

∂ p
∂xi

+
∂

∂x j

[
ν

(
∂ui

∂x j
+

∂u j

∂xi
− 2

3
δi j

∂ul

∂xl

)]
+

∂

∂x j
(−u′iu

′
j). (4)

In this equation, additional conditions caused by turbulence
are exposed and must be simulated to close the equation. Us-
ing the Boussinesq hypothesis, the second-order correlation of
velocity pulsation is expressed as the product of average ve-
locity gradient and turbulent viscosity coefficient. Turbulent
viscosity coefficient νt is related to a reaction of fluid flow
rather than a physical property of the fluid,[20] satisfying the
following equation:

−u′iu
′
j = νt

(
∂ui

∂x j
+

∂u j

∂xi

)
− 2

3

(
k+νt

∂ul

∂xl

)
δi j. (5)

After simultaneous simplification, the differential equa-
tion containing the physical viscosity coefficient and the tur-
bulent viscosity coefficient can be obtained. Only the velocity
component u is taken for example, and component v has a sim-
ilar form to component u, so it will not be described in detail
here. The detailed derivation of the following equation can be
found in Appendix A:

∂u
∂ t

+u
∂u
∂x

+ v
∂u
∂y
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= − 1
ρ

∂ p
∂x

+(ν +νt)
∂ 2u
∂x2 +(ν +νt)

∂ 2u
∂y2 . (6)

In addition to physical viscosity and turbulent viscosity,
numerical viscosity is also introduced into the process of solv-
ing differential equations. In most of cases, it is very diffi-
cult to solve the partial differential equations directly. It is
necessary to arrange corresponding grids in the calculation
area to discretize the continuous field of physical quantity.[21]

Therefore, continuous partial differential equations can be dis-
cretized into algebraic equations on a computational grid ac-
cording to some difference scheme. Then the numerical so-
lution is obtained by simulation. Its accuracy depends on the
difference scheme used, and its error is closely related to the
grid-scale.[22] For example, the velocity component u in the
differential equation is discretized by using the first-order up-
wind scheme: (

∂u
∂x

)
i, j

=
ui, j−ui−1, j

∆x
,(

∂u
∂y

)
i, j

=
ui, j−ui, j−1

∆y
. (7)

The discretization can be obtained by the series expansion
of the velocity component in the coordinate direction. For the
velocity component u, the Taylor series expansion is as fol-
lows:

ui−1, j = ui, j−∆x
∂ui, j

∂x
+

∆x2

2
∂ 2ui, j

∂x2 +O(∆x3),

ui, j−1 = ui, j−∆y
∂ui, j

∂y
+

∆y2

2
∂ 2ui, j

∂y2 +O(∆y3). (8)

Any expansion can include only a certain number of terms.
Therefore, a discretized truncation error is generated, and this
is often called numerical viscosity.[23] By substituting the dis-
cretized equation into the original differential equation, the
first-order upwind scheme difference equation can be obtained
as follows:(

∂u
∂ t

)
i, j
+ui, j

ui, j−ui−1, j

∆x
+ vi, j

ui, j−ui, j−1

∆y

= − 1
ρ

(
∂ p
∂x

)
i, j
+

(
ui, j

∆x
2

+ν +νt

)(
∂ 2u
∂x2

)
i, j
+ui jO(∆x2)

+

(
vi, j

∆y
2

+ν +νt

)(
∂ 2u
∂y2

)
i, j
+ vi jO(∆y2). (9)

At this point, the differential equation of Eq. (6) is trans-
formed into the difference equation of Eq. (9) by the dis-
cretization scheme. Let νx and νy represent the numerical
viscosity coefficients of the two coordinate directions, respec-
tively. Then, the numerical viscosity of the first-order up-
wind scheme can be expressed as νx = u∆x/2, νy = v∆y/2.
Similarly, the velocity component u can be discretized in a

second-order upwind format and expanded into a Taylor se-
ries. The numerical viscosity expression of the second-order
upwind scheme can then be obtained to be

νx = u
(∆x)2

2

(
∂ 3u
3∂x3

)/(
∂ 2u
2∂x2

)
,

νy = v
(∆y)2

2

(
∂ 3u
3∂y3

)/(
∂ 2u
2∂y2

)
. (10)

The grid is the basis of discretization and plays a key role
in implementing the discretization. When simulating the evo-
lution process of shedding vortices, the accuracy can be im-
proved by reducing the mesh spacing, although this will in-
crease the computational burden. Conversely, reducing the
number of grid cells can reduce the computational cost. How-
ever, the numerical dissipation will increase and the strength
of the shedding vortices will weaken.[24] Since the numeri-
cal viscosity is closely related to the local velocity and the
local grid-scale, the numerical dissipation caused by the in-
crease of grid-scale is called the grid viscosity dissipation. Its
effect is approximately analogous to numerical viscosity, re-
sulting in the increase of the total viscosity of the flow field.
When an aircraft moves at high speed, its physical viscosity
is very small. Therefore, the viscosity compensation correc-
tion method does not involve physical viscosity. However, at
this time, the turbulence phenomenon is obvious, and turbu-
lence viscosity plays a significant role.[25] At the same time,
the numerical viscosity can be combined with the physical vis-
cosity ν and the turbulent viscosity νt. These three kinds of
viscosities together drive and affect the evolution of the shed-
ding vortices. Therefore, mesh viscosity can be regarded as
hidden in turbulent viscosity. As the mesh size increases, the
total viscosity in the flow field increases, and the dissipation
of shedding vortexes is intensified. Let ∆r represent the lo-
cal grid scale, then the turbulence viscosity coefficient will be
modified by constructing the mesh scale function to reduce the
numerical dissipation:

µ̃t = f (∆r)×µt . (11)

2.2. Method establishment

The core of the viscosity compensation correction method
is to establish the relationship between mesh size and numer-
ical viscosity. Using this relationship, the specific expression
of the correction function f (∆r) can then be determined. The
Reynolds number is used to characterize the motion of a fluid.
It is proportional to the characteristic velocity and the charac-
teristic length. Therefore, a new variable is created in the form
of the Reynolds number – the grid Reynolds number (ReC) as
shown below:

ReC = ρ |u|
√
(∆x)2 +(∆y)2/µ. (12)

The effect of grid-scale on flow field is changed from abstract
to concrete.
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Since the numerical viscosity is only dependent on grid-
scale and local velocity. It is necessary to reduce the depen-
dence of independent parameters. The viscosity compensa-
tion method is required to be applied to any initial condi-
tion and flow field medium. Therefore, the flow characteristic
Reynolds number (ReL) is used for the dimensionless treat-
ment of the grid Reynolds number, ReL = ρU∞L/µ . The
ratio of the two is named the relative grid Reynolds num-
ber λ . The |u| represents the local velocity at grid location,
|u|=

√
u2 + v2. U∞ denotes the uniform incoming flow veloc-

ity, and L refers to the characteristic length. The λ is described
as

λ = ReC/ReL =
|u|
U∞

×

√
(∆x)2 +(∆y)2

L
. (13)

For engineering problems, unstructured hybrid grids are gen-
erally used to simulate the flow field characteristics of complex
structures. To better meet the engineering requirements, this
method also modifies the flow field of unstructured grids. The
grid shape is irregular, and the grid-scale along the X and Y co-
ordinate axes cannot be accurately measured. Therefore, the
direction of the grid-scale is not discussed for calculation pur-
poses, but isotropy is considered. The two-dimensional grid-
scale is approximately the square root of the local grid area.
Let ν1 and ν2 represent the numerical viscosity coefficient of
the simplified first-order scheme and second-order scheme, re-
spectively, then they will be expressed as

ν1 ≈ |u| ·
∆r
2
, (14)

ν2 ≈ |u| ·
(∆r)2

2
·
(

∂ 3u
3∂ r3

)/(
∂ 2u
2∂ r2

)
. (15)

In summary, the simplified λ is controlled only by the
velocity and mesh size, and expressed as

λ = ReC/ReL ≈
|u|
U∞

× ∆r
L
, (16)

and thus has similar properties to the numerical viscosity.
The mesh viscosity correction coefficient αcell is con-

structed by combining λ and two undetermined coefficients
C1 and C2, which are used to measure the influence of mesh
scale on the flow field. The two parameters are placed at the
exponential position and factor position of λ respectively, cor-
responding to the numerical viscosity coefficients of each dif-
ference scheme. This ensures that the mesh viscosity and nu-
merical viscosity have similar forms.

αcell =C2×λ
C1 . (17)

Finally, αcell is used to construct the correction function to ad-
just the turbulent viscosity coefficient. The mesh viscosity,
which is considered to be hidden in the turbulent viscosity, is

removed to reduce the total viscosity of the flow field and make
up for the lack of unsteady information. The core equation of
the viscosity compensation correction method is as follows:

µ̃t = max {C3,(1−αcell)}×µt. (18)

There are three undetermined parameters in Eq. (18), and the
basis for their values should be clarified. First, λ is affected
only by the velocity and grid size. Therefore, C1 should be
consistent with the index values of the two physical quanti-
ties. In the expression of ν1, the velocity has a linear rela-
tionship with the grid-scale, so C1 = 1. In the expression of
ν2, the grid-scale is squared and the velocity term is the ra-
tio of the third derivative to the second derivative. Therefore,
C1 should take a value between 1 and 2. C2 helps adjust the
correction quantity of different density meshes. In principle,
the turbulence model modification should be controlled in a
reasonable range. In this way, the properties of the flow field
are not changed by the introduction of the method. The value
of αcell rises as the mesh size increases, resulting in a contin-
uous decrease in the correction factor, which may potentially
become negative. Therefore, the correction is limited by the
introduction of a further parameter C3 (see Appendix B).

3. Validation of single-cylinder model
3.1. Calculation model

The diameter D of the single-cylinder model is 1 m (see
Fig. 1). The center of the circle is placed at the origin of
the coordinate axes. The cylindrical surface has no-slip and
no-penetration boundary conditions. The calculation area is
25D× 10D. The upstream velocity inlet and the downstream
pressure outlet are 5D and 20D away from the center of the cir-
cle, respectively. Both the upper boundary and lower boundary
are both 5D away from the center of the circle. These calcu-
lation domain settings have little influence on the flow field
results.[26]

D

D D

A B

y

x

Fig. 1. Single cylinder model grid partition.

Hybrid grids can improve the quality of the computational
mesh and reduce the difficulty in discretizing the regional
mesh. Complex computing domains can be efficiently dis-
cretized, saving time and computer resources.[27] Therefore,
A region and B region are divided into mixed meshes with
different densities. First of all, vortices are generated and shed
near the model wall. The processing method of this region will
significantly affect the results of numerical simulation.[28] The
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high-density structured grid is arranged near the wall bound-
ary layer, while the small-scale unstructured dense grid is ar-
ranged in region A. The first layer of the mesh in the boundary
layer is perpendicular to the wall surface, and the mesh height
is about 0.25 mm (see Fig. 2).

BA

A

Near wall area

Fig. 2. Near-wall grid model.

Region B of the same flow around the model is divided
into several sets of grids with increasing meshes. The max-
imum mesh size of each grid in the B region is about one
order of magnitude larger than the minimum mesh size. As
a result, the shedding vortex has a different degree of dissi-
pation. It is worth noting that after verifying the grid inde-
pendence for both the wall boundary layer region and the A
region, the grid of the two regions is kept unchanged.[29] In
this way, the difference in vortex shape is caused only by the
different grid scales in region B. The large-scale unstructured
grids are used in the rest of the irrelevant regions, and the grids
at the junction of the regions are smooth. A reference point is
set at X = 18D to monitor the changes in vorticity peak values
with each grid, allowing the correction effect of the viscous
compensation method to be verified.

In the modeling process, the left boundary inlet surface is
set as the velocity inlet, and the fluid medium is air. We set
U = 50 m/s, V = 0 m/s, the turbulence intensity I = 2.45%,
and the turbulence viscosity ratio to be 10. The right boundary
outflow surface is set as the pressure outlet, and the upper and
lower boundary conditions are symmetric. For incompress-
ible flows, a pressure-coupled solver needs to be selected. The
PISO algorithm and the second-order upwind format[30] are
used in consideration of the computational accuracy and cal-
culation time. The SST k–ω turbulence model is used to sim-
ulate the flow around the cylinder. The convergence criterion
of the continuity equation residuals is set to be 10−5. The time
interval for unsteady computations is 0.0005 s, and each step
is iterated up to 30 times.

3.2. Grid-scale coefficient

According to Eq. (16), λ is controlled by the speed ratio
and the mesh scale ratio. The change in these two parameters
is monitored at different positions on the x axis. The results are
shown in Fig. 3. The grid is relatively dense in the near-wall
region and region A, with ∆r� L. Here, the velocity at the
wall position is 0, and the normal velocity gradient is large.

Thus, λ is affected by both the velocity ratio and the length
ratio. At the same time, the numerical dissipation caused by
high mesh density is small, so the influence degree of the vis-
cous compensation method in the near field region is limited.
On the contrary, in region B, which is the focus of this paper,
the increase of mesh size leads the mesh viscosity to increase.
The shedding vortex dissipation is obvious, which is the core
area of the viscosity compensation method. At this point, the
local velocity tends to be stable and the ratio concerning the
incoming flow velocity is close to 1. However, there is still a
significant gap between the local grid-scale and the character-
istic length. Thus, in this region, λ is dominated by the length
ratio.

X

R
a
t
io

















 

. .

. .

. .

. .

. .

u/U@

Dr/L

Fig. 3. Parameter ratios at different positions.

To describe the density of the mesh more conveniently, λ

is simplified into the ratio of the gridscale to the characteristic
length at different positions in region B. The gridscale coeffi-
cient is established and expressed by β ,

β ≈ ∆r
L
. (19)

The grid scale of the dense mesh and the coarse mesh are re-
spectively expressed as β1 and β2, which satisfy the relation
β1 < β2.

3.3. Numerical simulations

First of all, it is necessary to obtain the exact solution of
the peak vorticity as a standard value for subsequent verifica-
tion and comparison. The method is to gradually encrypt the
grid in region B until the peak vorticity no longer changes with
the decrease of grid size (see Fig. 4). When the total number
of meshes is 1.6×105, the exact solution of the vorticity peak
is obtained, which is about 20 s−1. The grid is named grid 1
with grid-scale β ≈ 0.025.

Subsequently, the number of grid cells in region B is grad-
ually reduced, so that the maximum grid-scale differs from the
minimum one by about one order of magnitude. Three sets of
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grids, i.e., grid 2, grid 3, and grid 4, are used to verify the
correction effect. The total number of grid cells is 5× 104,
4.2× 104, and 4× 104 for gird 2, grid 3, and grid 4, respec-
tively. The corresponding grid-scale coefficients are β = 0.2,
0.25, and 0.35 (see Fig. 5).
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Fig. 4. Vorticity peak comparison in a dense mesh.

(a) Grid 1: βa0.025 (b) Grid 2: βa0.2

(d) Grid 4: βa0.35(c) Grid 3: βa0.25

Fig. 5. Single cylindrical grid.

3.4. TVAC model effect verification

Referring to the parameter value method in Appendix B,
the final calculation results are C1 = 1.8, C2 = 35, and C3 =

0.1. The viscous compensation method is used to simulate
each grid, focusing on the comparison of the area and inten-
sity peak of the far-end vortex. First of all, qualitative analysis
is made according to the change of the vorticity cloud chart.
The two columns represent the results before and after com-
pensation respectively (see Fig. 6). By comparison, it is found
that some shedding vortices can be seen in the front of region
B with the decrease of the number of grids before correction.
In the process of backward propagation, the area of the vortex
becomes smaller and the color becomes lighter. Near the exit
of the flow field, the dissipation of the shedding vortex is obvi-
ous or even disappears. After correction, the areas of the three
grid vortices increase. On a maximum grid-scale, the shed-
ding vortices which originally dissipate and disappeare and

appear again, qualitatively showing that the correction effect
has reached an expected value.

0 20 40 60 80 100 0 20 40 60 80 100

(a) βa0.025 before correction (b) βa0.025 after correction

(c) βa0.2 before correction (d) βa0.2 after correction

(e) βa0.25 before correction (f) βa0.25 after correction

(g) βa0.3 before correction (h) βa0.3 after correction

Fig. 6. Single-cylinder model vorticity contours before and after corrections.
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Fig. 7. Peak vorticity before correction.

The variation of vorticity peak at the reference point is an-
alyzed quantitatively. Before the correction, the peak value of
vorticity decreases with the increase of grid-scale. The modi-
fied grid 2 vorticity peak is very close to the exact solution of
the dense grid. At the same time, the peak value of grid 3 vor-
ticity is also significantly improved. Owing to the large scale
of grid 4, the far-field shedding vortex has completely disap-
peared. The viscous compensation method cannot be com-
pletely compensated for, which leads to a certain difference
between the corrected peak value and the accuracy. However,
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the relative error is significantly reduced from 45.2% to 29.6%.
The peak value of vorticity increases obviously, which reflects
the effectiveness of the method to a certain extent (see Figs. 7
and 8).
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Fig. 8. Peak vorticity after correction.

Finally, if the shedding vortex propagates backward for
one second, only one-third of the time required for the dense
grid is taken after coarse grid correction (Table 1). The results
show that when the difference in grid size is about ten times,
the viscous compensation method can ensure the calculation
accuracy and improve the calculation efficiency significantly.

Table 1. Single cylinder model correction effect.

Grid β Ω (s−1) t (h)

Grid 2-uncorrected
0.2

15.5 0.53
Grid 2-corrected 20.5 0.6

Grid 1 0.025 20 1.5

4. Validation of other models
4.1. NACA0012 airfoil

The viscous compensation method is used to solve the
NACA 0012 airfoil problem, with the original calculation
conditions kept unchanged. When the distance between the
boundary of the computational domain and the wall is more
than 3 times the chord length, it has little effect on the simula-
tion results.[31] Consider the airfoil chord as the characteristic
length L, then the left boundary and the right boundary are 10L

and 20L from the center of the circle, respectively, and both the
upper boundary and lower boundary are 10L from the center
of the circle (see Fig. 9). According to the literature, when the
angle of attack is greater than 13◦, a separate vortex structure
will appear on the leeward side of the airfoil.[32] When the an-
gle of attack is 20◦, the phenomenon of vortex shedding and
backward propagation are both obvious. Therefore, the angle
of attack is set to be 20◦.

Following the grid distribution of the single-cylinder
model, the grid of region B is gradually refined. The peak
vorticity of the reference point converges on grid 1. The ex-
act solution is 17.86 and β ≈ 0.025. Increasing the grid-scale
leads grids 2 and 3 to contain 5.3× 104 and 5× 104 cells, re-
spectively, and have β ≈ 0.30 and 0.40 (see Fig. 10).

The viscous compensation method is used to test each
grid. First, the changes in the vorticity cloud images are com-
pared (see Fig. 11). After correction, the intensity and the area
of the shedding vortices increase. In grid 3, the shedding vor-
tices near the exit are reproduced. This shows that this method
can solve the problem about the flow around NACA0012 air-
foil.

The changes in peak vorticity at the reference point are
monitored. Before the correction, the peak values of vorticity
for grids 2 and 3 are obviously lower, 22.2% and 30.6% lower
than the exact solution, respectively. After correction, their
peak vorticity values increase and their grid-scale differences
are more than one order of magnitude larger than before cor-
rection By increasing the compensation, the maximum grid
has a better correction effect. Although the grid 2 vorticity
peak will slightly exceed the exact solution, the error of grid 3
can be significantly reduced to 4.6%.

D

D D

A B D

y

x

Fig. 9. NACA0012 airfoil grid division.

(c) Grid 3: βa0.40(a) Grid 1: βa0.025 (b) Grid 2: βa0.30

Fig. 10. NACA0012 airfoil grids.
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(a) βa0.025 before correction (b) βa0.025 after correction

(c) βa0.30 before correction (d) βa0.30 after correction

(e) βa0.40 before correction (f) βa0.40 after correction

0 20 40 60 80 100 0 20 40 60 80 100

Fig. 11. NACA0012 model vorticity contours before and after corrections.
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Fig. 12. Peak vorticity before correction.

V
o
rt

ic
it
y
 (

s-
1
)

6

8

10

12

14

16

18

20

4

6

8

10

12

14

16

18

20

4
β=0.25 β=0.40

2.00 2.04 2.08 2.12 2.16

Time (s)
2.00 2.04 2.08 2.12 2.16

β=0.025

Fig. 13. Peak vorticity after correction.

According to the statistics in Table 2, it takes only one-
third of the time for the coarse grid to reach the same ac-
curacy, which significantly improves the computational effi-
ciency. Therefore, the viscous compensation method is effec-
tive in correcting the flow around NACA 0012 airfoil.

Table 2. NACA0012 airfoil compensation effect.

Grid β Ω (s−1) t (h)

Grid 3-uncorrected
0.40

12.56 0.38

Grid 3-corrected 17.03 0.45

Grid 1 0.025 17.86 1.5

4.2. Double-cylinder model

The center of the front cylinder is placed at the origin of
the coordinate axis. The center of the rear cylinder is located
on the X axis, 10D away from the front cylinder (see Fig. 14).
Like a single cylinder, a dense grid is arranged in region A near
the wall. It is worth noting that the model focuses on the flow
region B between two cylinders, and several grids are assumed
to have different densities. Unstructured grids are arranged in
the flow field region C and other irrelevant areas outside the
rear cylinder, and the grid size increases gradually.

D

D D

D

AA B C

y

x

Fig. 14. Double cylinder model grid partition.

The simulation results of meshes with different densities
have different effects on the strength of the shedding vortex,
resulting in different stresses on the rear cylinder. Therefore,
we need to investigate the changes of lift coefficient of the two
cylinders before and after corrections. The lift coefficient (cl)
is given as follows:

cl = Fl/
(
0.5ρU2D

)
, (20)

where Fl is the lift.

(c) Grid 3: βa0.1(a) Grid 1: βa0.025 (b) Grid 2: βa0.06

Fig. 15. Double-cylinder grid.
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The precise solution can be obtained by refining the re-
gion B grid: the lift coefficient on the front cylinder is about
1.306 and that on the back cylinder is about 1.959. At this
time, the total number of grid cells is 1.2× 105 (grid 1), with
the maximum grid-scale is about 0.025. Then, grid 2 and grid
3 are obtained by increasing the grid spacing in region B. Their
total numbers of grid cells are 2× 105 and 1× 105, and their
maximum grid-scale values are about 0.06 and 0.1, respec-
tively (see Fig. 15).

By comparing the vorticity cloud images (Fig. 16), it is
clear that when the mesh is dense, the shedding vortices gen-
erated by the front cylinder are stronger and have better con-
nectivity. As the grid size in region B increases, the size and
intensity of the shedding vortices decrease, and the color in
the figure becomes lighter. After correction, the intensity of
the shedding vortices with the coarse mesh is improved. The
color of the vortices in the figure is similar to that with the
dense grid.

(a) βa0.025 before correction (b) βa0.025 after correction

(c) βa0.06 before correction (d) βa0.06 after correction

(e) βa0.10 before correction (f) βa0.10 after correction

0 20 40 60 80 100 0 20 40 60 80 100

Fig. 16. Double-cylinder model vorticity contours before and after correc-
tions.
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Fig. 17. Lift coefficient amplitude correction effect before and after corrections.

The changes in the lift forces on the two cylinders are now

analyzed in detail. As shown in Fig. 17, before correction, the

amplitude of cl on the two cylinders decreases as the grid size

increases. Because the grid size of grid 3 is too large, the cl

amplitude curve of the rear cylinder exhibits obvious fluctua-

tions. After correction, the front cylinder compensation effect

is very good. Moreover, the unstability of cl curve for the rear

cylinder in grid 3 is improved. Stable amplitude results can be
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obtained, and these are approximately the same as the standard
values.

Furthermore, a fast Fourier transform is applied to the rear
cylinder cl of grid 3. The results show that the viscous com-
pensation method can effectively reduce the amplitude of the
secondary frequency fluctuation and increase the amplitude of
the primary frequency fluctuation (see Fig. 18). The correction
effect is again verified by analyzing this spectrum.

After correction

0 10 20 30

Frequency (Hz)

0

0.5

1.0

1.5

2.0

2.5

L
if
t 

c
o
e
ff
ic

ie
n
t

Before correction

0

0.5

1.0

1.5

2.0

2.5

L
if
t 

c
o
e
ff
ic

ie
n
t

0 10 20 30

Frequency (Hz)

Fig. 18. Amplitude–frequency curve correction effect.

By the viscous compensation method, for the rough mesh
it takes only about 30% of the computation time of the dense
mesh to achieve the same computational accuracy (see Ta-
ble 3). All in all, this method effectively improves the lift co-
efficient amplitudes of the two cylinders and reduces the error
between the model and the standard value, showing that the
proposed method is effective in correcting the double-cylinder
model.

Table 3. Double cylinder model correction effect.

Grid β cl t (h)

Grid 3-uncorrected
0.1

1.184 0.4

Grid 3-corrected 1.749 0.42

Grid 1 0.02 2.096 1.2

5. Conclusions
In practical engineering, a simulation method that can

not only accurately simulate the evolution process of shed-
ding vortex, but also save calculation cost is still being ex-
plored. This poses a great challenge to the traditional tur-
bulence model framework, and there remain many unsolved
problems. First, if only the grid type is considered, sliding

grids are usually used to capture small-scale shedding vor-
tices. The single grid form is effective only for specific mod-
els and conditions with poor robustness. Moreover, the grid
construction process is more difficult and cannot be widely
promoted in engineering applications. Second, the dissipa-
tion of the shedding vortex depends on the viscosity of the
flow field. However, owing to the lack of relevant theoretical
analysis, it is impossible to further study the internal mecha-
nism and fundamentally solve the problem of vortex dissipa-
tion. Third, the grid scale is too large to capture the shedding
vortex accurately, which is too abstract in concept. As theoret-
ical research, we need to quantify the influence of grid-scale
and build a credible theoretical framework.

At present, a large number of studies have confirmed that
the turbulence model parameters can be modified appropri-
ately according to the actual engineering requirements. In this
work, we abandon the traditional method of modifying grid
form and proceed directly from the formation mechanism of
vortex dissipation. By comparing the grid dissipation with
numerical viscosity quantitatively, the viscosity compensation
method is established. The λ is the most important parameter
to establish the relationship between grid viscosity and flow
viscosity. Through the analysis, it is found that the λ is con-
trolled only by the grid-scale in the modified core region at the
far end of the flow field. Therefore, in the process of model-
ing, the λ can be further simplified into grid-scale coefficient
β .

The viscous compensation method is verified through
three different flow problems. The results show that when the
maximum grid size of the correction area is about ten times
in difference, the original vortex structure is regenerated at the
far end of the flow field. At the same time, the peak value of
vorticity and the amplitude of lift coefficient increase signif-
icantly, which reduces the error with respect to the standard
value. Therefore, the computation time can be greatly reduced
and the computation efficiency is improved. Finally, with the
help of the viscous compensation method, the large-scale grid
can be used to simulate the shedding vortex structure accu-
rately and efficiently. Furthermore, the unsteady information
can be obtained, which provides a new way for the follow-
up study of helicopter rotor aerodynamics and aeroacoustics.
With the the application range expanded and the algorithm op-
timized, the viscous compensation method will have a wider
development prospect.

Appendix A: Derivation of differential equations

Given

∂ui

∂xi
= 0,

∂ui

∂ t
+u j

∂ui

∂x j
=− 1

ρ

∂ p
∂xi

+
∂

∂x j

[
ν

(
∂ui

∂x j
+

∂u j

∂xi
− 2

3
δi j

∂ul

∂xl

)]
+

∂

∂x j
(−u′iu

′
j), (A1)
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−u′iu
′
j = νt(

∂ui

∂x j
+

∂u j

∂xi
)− 2

3
(k+νt

∂ul

∂xl
)δi j. (A2)

First of all, simplify the following equation:
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. (A3)

When i = j
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∂x j
(ν +νt)

(
∂ui

∂x j
+

∂u j

∂xi

)
− 2

3
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; (A4)

when i 6= j
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∂u j

∂xi

)
. (A5)

Therefore, the original formula can be simplified into
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When only u component is considered, let i = 1,
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The final result is obtained as follows:

∂u
∂ t

+u
∂u
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+ v
∂u
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=− 1
ρ

∂ p
∂x

+(ν +νt)

(
∂ 2u
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∂ 2u
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)
. (A8)

Appendix B: Parameter determination method

The core correction equation of the TVAC model contains
three undetermined parameters, and their values need to be
clarified. Consider a certain model divided into three sets of
grids, grids 1–3, with corresponding relative mesh Reynolds
numbers of λ1, λ2, and λ3, where λ1<λ2<λ3.

First, C1 is at the exponential position of λ , and both λ

and the numerical viscosity are affected only by the velocity
and the grid scale. Therefore, C1 should be consistent with
the exponential position of the two parameters. For the first-
order scheme, there is a linear relationship between velocity
and scale, and so C1 =1. For the second-order scheme, the
grid scale is squared and the velocity is the ratio of the third
derivative to the second derivative. Therefore, C1 should take
a value between 1 and 2.

Second, C2 needs to be determined from grid 1. At this

point, λ1 has the smallest value, and is unaffected by C3. Note
that the influence of the TVAC model on grid 1 needs to be
measured. In actual engineering applications, if the change in
value after correction is within a reasonable range of the pre-
correction value, it can be regarded as reasonable. In the pro-
cess of parameter determination in this paper, the correction
error of the exact solution is always guaranteed to be within
5%. Let the correction coefficients be 99%, 97%, and 95%,
respectively. C2 can be calculated by combining the specific
values of C1 and λ1. According to the relative error between
the peak vorticity at the reference point and the standard value,
the appropriate correction factor for grid 1 can be determined
to be as follows:

0.95<1−C2×λ
C1
1 < 1. (B1)

Third, according to the determined correction coefficient,
and combined with λ1, C2 can be calculated when C1 is equal
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to 1.2, 1.5, 1.8, and 2. As a result, four sets of compensation
schemes with different indices are obtained. Grid 1 is then cal-
culated again to verify whether the results obtained by the four
schemes are approximately consistent.

Fourth, the correction factor in grid 2 is calculated using
Eq. (B1). If the result is greater than 0.1, set C3 = 0.1. The four
existing schemes are used to simulate and monitor the change
in the peak vorticity. If the result is less than 0.1, then C3 is set
to be 0.01 and 0.1 and the procedure is repeated.

Fifth, for grid 3, λ3 reaches the maximum value given by
Eq. (B1). This is where C3 comes into play. Set C3 to be equal
to 0.01 and 0.1, and adopt the four existing schemes for com-
pensation. The compensation amount is analyzed and C3 is
determined according to the compensation situation,

1−C2×λ
C1
2 <C3. (B2)

Sixth, the compensation effect of the four sets of grids is
integrated, and the appropriate compensation options are de-
termined.

Acknowledgements
Project supported by the National Key Project, China

(Grant No. GJXM92579) and the National Natural Science
Foundation of China (Grant No. 12072232).

References
[1] Li Z Y, Zhang H B, Bailey S C, Hoagg J B and Alexandre M 2017 J.

Comput. Phys. 345 111

[2] Ni X P, Cai R H and Cao X J 2003 Chin. J. Aeronaut. 24 15
[3] Zhao Q J, Jiang S and Li P 2017 Acta Aerodyn. Sin. 35 544
[4] Wu J, Qiu Y L, Shu C and Zhao N 2014 Phys. Fluids 26 103601
[5] Mary I and Sagaut P 2002 AIAA J. 40 1139
[6] An H, Cheng L and Zhao M 2011 J. Fluid Mech. 666 77
[7] Sherwin J S, Meneghini R J and Serson D 2017 J. Fluid Mech. 826 714
[8] Yang A M, Liu J H and Weng P F 2009 Acta Aerodyn. Sin. 27 5
[9] Xu L, Yang A M and Weng P F 2010 Chin. J. Comput. Mech. 27 607

[10] Xia Z F and Yang Y 2001 Chin. J. Aeronaut. 32 1195
[11] Tang H S, Jones S C and Fotis S 2003 J. Comput. Phys. 191 567
[12] Markus D, Manuel K, Ewald K and Siegfried W 2007 AIAA J. 45 2062
[13] Nathan H 2002 J. Aircraft. 39 800
[14] Yin Y H, Yang P, Zhang Y F, Chen H X and Fu S 2020 Phys. Fluids 32

105117
[15] Friederich T and Kloker M J 2012 J. Fluid Mech. 706 470
[16] Wilcox D C 1988 AIAA J. 220 1
[17] Wilcox D C 1993 AIAA J. 31 1414
[18] Menter F R 1994 AIAA J. 32 1598
[19] Zou S F, Liu L Q and Wu J Z 2021 Phys. Fluids 33 036107
[20] Akira Y, Hiroyuki A, Yuichi M, Hitoshi F and Yasuhiro M A 2012

Phys. Fluids 24 075109
[21] Yu C P, Hong R K, Xiao Z L and Chen S Y 2013 Phys. Fluids 25

095101
[22] Keller H B 1978 Annu. Rev. Fluid Mech. 10 417
[23] Liu Y L, Zhao Y J and Liu Z X 2016 Build. Simul. 9 677
[24] Wang H D, Zhai Z Q John and Liu X 2014 Build. Simul. 7 155
[25] Xiao M J, Zhang Y S and Tian B L 2020 Phys. Fluids 32 092104
[26] Norberg C 2001 J. Fluids Struct. 15 459
[27] Luo H and Spiegel S 2010 AIAA J. 48 2639
[28] Rezaeiravesh S snd Liefvendahl M 2018 Phys. Fluids 30 055106
[29] Wang H D and Zhai Z Q John 2012 Build. Env. 52 107
[30] Henderson R 1997 J. Fluid Mech. 352 65
[31] Chen H Q and Huang M K 2000 Acta Aerodyn. Sin. 18 366
[32] Zhang W and Samtaney R 2016 Phys. Fluids 28 044105

044702-12

http://dx.doi.org/10.1016/j.jcp.2017.05.009
http://dx.doi.org/10.1016/j.jcp.2017.05.009
http://dx.doi.org/10.3321/j.issn:1000-6893.2003.01.004
http://dx.doi.org/10.1063/1.4896942
http://dx.doi.org/10.2514/2.1763
http://dx.doi.org/10.1017/S0022112010003691
http://dx.doi.org/10.1017/jfm.2017.475
http://dx.doi.org/10.3969/j.issn.0258-1825.2009.01.002
http://dx.doi.org/10.1016/S0021-9991(03)00331-0
http://dx.doi.org/10.2514/1.28643
http://dx.doi.org/10.2514/2.3002
http://dx.doi.org/10.1063/5.0022561
http://dx.doi.org/10.1063/5.0022561
http://dx.doi.org/10.1017/jfm.2012.269
http://dx.doi.org/10.2514/6.1987-290
http://dx.doi.org/10.2514/3.11790
http://dx.doi.org/10.2514/3.12149
http://dx.doi.org/10.1063/5.0039243
http://dx.doi.org/10.1063/1.4733397
http://dx.doi.org/10.1063/1.4733397
http://dx.doi.org/10.1063/1.4819765
http://dx.doi.org/10.1063/1.4819765
http://dx.doi.org/10.1146/fluid.1978.10.issue-1
http://dx.doi.org/10.1007/s12273-016-0296-1
http://dx.doi.org/10.1007/s12273-013-0163-2
http://dx.doi.org/10.1063/5.0019363
http://dx.doi.org/10.1006/jfls.2000.0367
http://dx.doi.org/10.2514/1.J050491
http://dx.doi.org/10.1063/1.5025131
http://dx.doi.org/10.1016/j.buildenv.2011.12.019
http://dx.doi.org/10.1017/S0022112097007465
http://dx.doi.org/10.3969/j.issn.0258-1825.2000.03.016
http://dx.doi.org/10.1063/1.4945005

	1. Introduction
	2. Turbulent viscosity adaptive correction model
	2.1. Theoretical analysis
	2.2. Method establishment

	3. Validation of single-cylinder model
	3.1. Calculation model
	3.2. Grid-scale coefficient
	3.3. Numerical simulations
	3.4. TVAC model effect verification

	4. Validation of other models
	4.1. NACA0012 airfoil
	4.2. Double-cylinder model

	5. Conclusions
	References

