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Abstract: The existing definition method of filter grid scale in a Detached Eddy Simulation (DES)
hybrid model is unreasonable, which will lead to the unreasonable trigger of a boundary layer large
eddy simulation and reduce computational efficiency. In view of this problem, the filter grid scale is
discussed in this paper. The 90◦ square curved elbow is selected as the research object. The effects of
three grid definition methods: geometric mean (∆GM ), arithmetic mean (∆AM ) and quadratic mean
(∆QM ) on the simulation results of the DES model are compared, and the velocity distribution of
the flow cross section and the distribution of the flow pressure coefficient on the outer arc surface
are compared with the experimental results of Taylor. The results show that the order of the three
definition methods is ∆GM ≤ ∆AM ≤ ∆QM . Meanwhile, within 30◦ < polar angle(θ) < 75◦ , the results
are closer to the experiment, and the development trends and numerical values of ∆AM and ∆QM are
closer to the experiment in general. However, when θ > 60◦ , the value of ∆QM is slightly closer to
the experimental result than ∆AM . ∆QM is more suitable for calculating the internal flow in a curved
elbow than the other two methods.
Keywords: DES model; DES filtering grid scale; curved elbow; numerical calculation

1. Introduction
The turbulence inside the centrifugal pump shows unstable flow phenomena (flow separation and
secondary flow) due to curvature and rotation. With the rapid development of Computational Fluid
Dynamics (CFD), numerical simulation has become a primary way to study turbulence. According
to the processing scales for turbulence in the Navier–Stokes (N-S) Equation [1], there are mainly
three kinds of method, that are Direct Numerical Simulation (DNS), Reynolds Average Navier–Stokes
(RANS) and Large Eddy Simulation (LES). The DNS method can accurately obtain the turbulence field
and is an effective way to study the turbulence mechanism. However, the existing computing resources
are often difficult to meet the needs of the high Reynolds number flow. So, the DNS method is not
commonly used in the simulation of the pump [2]. In the study of Zhao [3], the RANS method performs
time-average processing for the instantaneous velocity, which can greatly reduce the computing time,
while neglecting the instantaneous details of turbulent flow. The research of Li [4] shows that the
LES method can directly calculate the motion of large-scale vortexes, and the influence of small-scale
vortexes on large scale vortexes can be reflected by establishing a model. However, LES needs to build
a very fine grid to simulate a large number of small-scale fluctuations in the near-wall region, resulting
in a huge amount of calculations for complex three-dimensional flow [5].
In order to combine the advantages of RANS and LES, scholars have proposed a variety of
RANS/LES hybrid model methods. The basic idea of a RANS/LES hybrid model is to use RANS to
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efficiently and reliably simulate the near-wall region dominated by high-frequency small-scale motion,
and use LES to accurately calculate the unsteady separation flow region dominated by low-frequency
large-scale motion. The RANS/LES hybrid model methods mainly include Detached Eddy Simulation
(DES) [6] and Scale-Adaptive Simulation (SAS) [7]. The construction form of the DES method is very
simple, and it has a strong adaptability to complex models. The numerical simulation capability of
DES for massive separation flows can reach the level of LES, and the grid demand is far less than LES.
Although SAS has been tested for a variety of applications, it has not yet evaluated complex dynamic
stall. SAS is only suitable for strongly unsteady problems such as rotation, flow around a bluff body
and large separation. Compared with the DES method, the irregularity of vortex shedding in the SAS
model is slightly lower. Therefore, DES is the most widely used RANS/LES hybrid model.
The transformation from RANS to LES in the DES hybrid model is completely realized through the
comparison of grid scale and turbulence scale. When the boundary layer mesh is too fine, the use of large
eddy simulation in the boundary layer will lead to insufficient Reynolds stress simulation. Menter [8]
introduced the delay function Fsst into DES to reduce the excessive dependence on grid density based
on the two-equation SST k-ω model. Although compared with the original DES hybrid model the
real flow could be simulated more accurately, it was not universal. Spalart [9] constructed another
kind of delay function f d . It was firstly applied in the RANS/LES switching function, which effectively
delayed the switching from RANS to LES and solved the problem of grid-induced separation [10–12].
To further enhance the ability to resolve turbulence in the boundary layer, Shur [13] combined the
Delayed Detached Eddy Simulation (DDES) with Wall-modeled Large-eddy Simulation (WMLES),
namely IDDES. Although the IDDES method can improve the calculation accuracy in the boundary
layer, the introduced WMLES means there is a complete LES method within the whole flow field. In a
sense, this contradicts the original intention of DES-type models (RANS in the boundary layer and LES
in other regions).
The filtering grid scale is the key parameter of DES, which is mostly obtained by calculating
the function of mesh size. Smagorinsy [14], Deardorff [15], Scotti [16] and Ferziger [17] proposed
the calculation formulas of the filtering grid scale in the LES with a direct influence of grid size and
grid spacing. In the existing DES-type models, the definition method in LES was directly applied.
So, it is necessary to build an extremely fine grid to simulate small-scale fluctuations and define a
too-conservative RANS area outside the boundary layer. As a result, the advantages of the DES model,
such as high calculation accuracy in the main flow area and small computing resource, cannot be fully
utilized. On the other hand, the unreasonable division of the DES grid will inevitably lead to the
mismatch between the calculated value and the appropriate value of filtering grid scale. In particular,
there is still a lack of computational grid control criteria for DES in the physical sense, leading to
the oversize of the local computational grid size and the loss of useful small-scale information. It is
instructive to study the above problems based on the curvature of a curved elbow.
There is a problem of curvature variation in a curved elbow, the curvature has a direct influence
on the turbulent structure of the boundary layer, so it affects the switching of the hybrid model.
Zhao [18] carried out a study on the influencing factors of liquid–solid two-phase flow erosion and the
optimization of the erosion-resistant structure of a 90◦ curved pipe. He found that erosion weakened as
the radius of the curvature of the elbow increased. Zhang et al. [19] carried out numerical calculations
and an analysis of the stress at the special point of the pipeline. The results showed that the range of
stress influence was enlarged, but the stress of the curved elbow gradually decreased with the increase
of the radius of curvature of the curved elbow. Li [20] studied the influence of the radius of curvature
on the sound field of the curved elbow and found that the larger the radius of the curvature of the
curved elbow, the smaller the exit noise. Wang et al. [21] studied the flow instability of a 90◦ circular
cross-section curved elbow based on LES and analyzed the asymmetry of pressure distribution in a
transient flow field.
In the paper, the applicability of three typical boundary layer meshes (anisotropic mesh, isotropic
mesh and mesh type between them) to the DES hybrid model were firstly analyzed. Then, the filter grid
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scale was defined by the two methods of ∆max and ∆IDDES . Three kinds of DES hybrid model filtering
grids were compared. Furthermore, the size relationship among the three was analyzed. Finally, the
effects of three definition methods on the simulated results were compared to the experimental results
of the 90◦ curved elbow.
2. DES Grid
The general form of RANS/LES switching function based on a SST k-ω DES-type model is
 √

 ∗ k

 β ω

FDES = max
·Fdelayed , 1

 CDES ∆

(1)

√

where, β∗ ωk is the turbulence length scale of RANS, marked as lRANS . CDES ∆ is the turbulence length
scale of LES, marked as lLES ·CDES = 0.61. Fdelayed is the delay function.
The turbulence length scale lDES of DES is:
lDES = min(lRANS , lLES )

(2)

If lRANS is less than lLES , the RANS is triggered in DES model. Otherwise, the LES is triggered in
DES model.
In Equation (1), the delay function Fdelayed and the filtering grid scale ∆ are two functions directly
related to the RANS/LES switching performance. The delay function is used to delay the switching
from RANS to LES in the boundary layer, thereby the entire boundary layer can be simulated only
by RANS and the grid-induced separation problem can be solved. The filtering grid scale ∆ is an
important parameter for lLES , which is a measure of the size of the local grid in essence.
2.1. Boundary Layer Mesh
The objection of the DES model is to adopt RANS in the boundary layer and LES in other regions.
The switching functions are different in forms; however, the realization of RANS/LES switching all
relies on the relations between the filtering grid scale and the distance from the wall. Therefore, for the
convenience of description, the switching function in this section is expressed in the simplest form of
de= min(d, CDES ∆). In order to excite the switching between RANS and LES near the outermost side
of the boundary layer, three kinds of boundary layer mesh were given in Figure 1. Where, x represents
the flow direction, y represents the direction perpendicular to the wall and the filtering grid scale in
the z-direction is not given here, assuming ∆z ≈ ∆x .
Figure 1a shows mesh type I (∆x ≈ 5 × δ) with large size difference in different directions (∆x  ∆ y ),
which is called an anisotropic grid. According to the maximum criterion, all the elements in the
boundary layer satisfy ∆ = ∆x  d, so the flow in the boundary layer can be stably calculated by
RANS (de= d). The boundary layer grid can meet the requirement of the DES hybrid model. Figure 1b
shows mesh type II (∆x ≈ 0.05 × δ), where ∆x ≈ ∆ y in most regions of the boundary layer. The kind of
meshes with approximately equal sizes in three directions are defined as isotropic grids. According
to the maximum criterion, all the elements in the boundary layer satisfy ∆ = ∆x . So, LES is adopted
for the DES model in most areas of the boundary layer (∆  d), while RANS is in the near-wall area
(de= d). The flow field simulation is not carried out in accordance with the expected DES mode under
the type of grid. Figure 1c shows mesh type III (∆x ≈ b), where ∆x  ∆ y in the boundary layer. For
∆x < δ, there exists de= CDES ∆ within 2/3 of upper boundary layer, i.e., LES mode. In the LES region of
the boundary layer, the eddy viscosity decreases and the modeled Reynolds stress lowers. However,
the mesh density in the region does not meet the requirement of LES. Thereby, the reduced modeled
Reynolds stress cannot be balanced by a considerable amount of analytic stress, and the problem of
insufficient modeling stress may occur, resulting in grid-induced separation. The DES model with a
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delay function is proposed to solve the problem. The active region of RANS is delayed outside the
boundary layer in the delayed DES model.
RANS can be triggered within the boundary layer in the DES model using mesh type I and III.
The reason that Type II cannot be used as a DES grid is as follows: (1) Type II will trigger the LES in
most areas of the boundary layer, which does not conform to the working mode of the DES model. (2)
Type II is a very fine isotropic mesh required for LES calculation, with obviously more mesh numbers
and a larger computing resource.

Figure 1. Three types of grid in the boundary layer [9]. (a) Boundary layer grid type I; (b) Boundary
layer grid type II; (c) Boundary layer grid type III.

In general, the grid in the boundary layer should satisfy ∆x ≈ δ. However, the thickness of the
boundary layer is not constant with the development of flow in practical applications. In order to
ensure the application of RANS in the boundary layer, the mesh type within the boundary layer for
DES tends towards Type I (∆x  δ), which can further save computing resources due to the small
number of meshes.
2.2. Filtering Grid Scale
The filtering grid scale in the DES model has two main functions:
(1)
(2)

As the main component of the DES switching function, it is used to determine whether the flow
region is suitable for RANS or LES.
As the sub-grid grid scale of LES, large and small vortexes in the flow field are separated. There
are two definition methods for filtering grid scales.

2.2.1. ∆max (Maximum Criterion)
Currently in the DES model, the most widely used filtering grid scale definition method (Maximum
criterion) is the common method in LES. The filtering grid scale is defined as the local maximum grid
spacing according to the criterion
n
o
∆max = hmax ≡ max hx , h y , hz

(3)
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For further discussion, the three-dimensional grid size in the above Equation is generalized, and
represented by ∆x , ∆ y and ∆z . Then, Equation (3) is expressed as
n
o
∆max = max ∆x , ∆ y , ∆z

(4)
√

Analyzing the RANS/LES switching function of the DES model in the paper, lRANS =
lLES = CDES ∆max . When lRANS < lLES , the DES model behaves as RANS. At this time,
lRANS
< ∆max
CDES

k
β∗ ω ,

and

(5)

l

where CRANS is essentially an amount proportional to the turbulence intensity, and ∆max is the local
DES
maximum grid spacing. Then, Equation (5) can be understood that the flow field can be simulated
by RANS and the value is determined by the maximum size of the local grid when the turbulence
intensity in the region near the boundary layer is less than a certain value.
2.2.2. ∆IDDES (IDDES Grid Scale Definition)
Shur et al. [13] proposed the definition method of ∆IDDES , which considers the influences of local
maximum grid spacing, wall-normal grid spacing and the distance from wall on ∆.
o

∆IDDES = min max[C w d, Cw hmax , hwn ], hmax

(6)

where Cw is an empirical constant. For the IDDES model based on SST k-ω, it is taken as 0.15. hwn is the
grid spacing normal to wall, d is the distance from the wall and hmax is the maximum of wall-normal
size and transverse element size locally along the direction of flow.
The definition ∆IDDES is much more complex than that of ∆max . To clarify Equation (6), the channel
flow field data obtained by Shur, and the possible values of ∆IDDES are shown in Figure 2, where the
x-coordinate and y-coordinate are dimensionless by half width H and hmax , respectively.

Figure 2. Two values of ∆IDDES in the paper of Shur [13].

There are two cases for the value of ∆IDDES .
When hwn ≤ Cwd (Black line in the picture), ∆IDDES shows three stages of change
∆IDDES



Cw hmax



=
Cw d


 h
max

(d < hmax )
(hmax < d < A)
(d > A)

(7)

where ∆IDDES is almost constant, which equals to Cw hmax close to the wall (d < Cw hmax ). In the region
advancing from the wall toward main flow (d > hmax ), ∆IDDES grows linearly (∆IDDES = Cw d). When
∆IDDES grows to equal to hmax , ∆IDDES remains hmax .
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When hwn > Cw d (Red line in the picture), ∆IDDES has three similar stages.
∆IDDES



Cw hmax



=
h
wn


 h
max

(d < Cw hmax )
(Cw hmax < d < B)
(d > B)

(8)

where ∆IDDES is always equal to Cw hmax in the region which is close to the wall (d < Cw hmax ). In
the region advancing from the wall toward the main flow (d > Cw hmax ), ∆IDDES increases linearly,
but the growth rate is greater than case 1 (∆IDDES = hwn > Cw d). When ∆IDDES grows to hmax , ∆IDDES
remains hmax .
For the general DES cases, the advancing ratio of wall-normal grid length in the boundary layer
is generally 1.2–1.3. At the time, the values ∆IDDES obtained by two ways are close and have little
influence on the calculation accuracy.
∆max and ∆IDDES represent two ways of filtering grid scale. For ∆max , the definition is simple,
which can greatly reduce the amount of calculations. For ∆IDDES , considering the calculation accuracy
of WMLES in the boundary layer, the corresponding variation laws of two filtering grid scales are
provided for the turbulence model in the boundary layer. Although ∆IDDES is slightly better than ∆max
in the verified example, its definition is too complicated. If it is applied in a more complex flow field,
the computing time of the flow in the boundary layer will increase. Therefore, it is necessary to analyze
and compare the existing methods of grid scale definition.
3. Comparison of Three Grid Scale Definition Methods
As can be seen from above, unlike the isotropic mesh in LES, the DES boundary layer mesh is
usually anisotropic with a larger length–width ratio. Taking Type I as an example,

 the filtering grid
scale continues to be calculated according the maximum criterion, ∆max = ∆x  ∆ y . In the boundary
layer, the ∆x of each mesh element is approximately equal, and ∆max is approximately a fixed value. For
Type I, it means there will be a larger range of over conservative RANS regions outside the boundary
layer for the DES method. The filtering grid scale defined by the maximum criterion is too large
relative to the true geometry feature of grid. Therefore, it is necessary to analyze and compare the
existing methods of grid scale definition.
3.1. Arithmetic Mean (∆AM )
For a single mesh element, the weighted average value of grid size in three directions is
W3 =

∆ x ∗ f1 + ∆ y ∗ f2 + ∆ z ∗ f3
f1 + f 2 + f 3

(9)

where fi is the weight (i = 1, 2, . . . , n). If the weight of each item is equal ( fi = constant), the weighted
average is also known as the arithmetic mean.
Considering the main flow area is mainly solved through LES, which requires approximately
isotropic meshes, the equivalent weight for three-dimensional mesh size was set. For convenience, the
value of each weight fi was taken as 1, then, the weighted average of the three terms is the arithmetic
mean. The filtering grid scale defined by this method is called the arithmetic mean filtering grid scale,
denoted by ∆AM .
∆x + ∆ y + ∆z
∆AM =
(10)
3
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3.2. Geometric Mean (∆GM )
Similar to the arithmetic average, the geometric mean is also a method to calculate the average
value of a data set
v
t n
Y
Pn
f
Gn = i = 1 f i
ai i
(11)
i=1

where fi is the weight (i = 1, 2, . . . , n).
It is applied to the filtering grid scale definition
q

G3 =

f1 + f 2 + f 3

∆x f1 ·∆ y f2 ·∆z f3

(12)

As discussed in the previous section, the weight values of three-dimensional grid are 1. The
filtering grid scale defined by this method is called the geometric mean filtering grid scale, marked
as ∆GM .
q
∆GM =

3

∆x ∆ y ∆z

(13)

3.3. Quadratic Mean (∆QM )
The quadratic mean is a kind of generalized average method based on square root. It is to find
the square of n data and the arithmetic mean of these squared values, then the arithmetic average
values are squared. In the method, each data point in a set of numbers is regarded as an independent
individual with equal weight
s
Pn 2
i = 1 ai
Qn =
(14)
n
Applying it to mesh element, the filtering grid scale defined by quadratic mean of three-dimensional
grid size is called the quadratic mean filtering grid scale, denoted by ∆QM
s
∆QM =

∆2x + ∆2y + ∆2z
3

(15)

3.4. Relations between Three Filtering Grid Scales
As can be seen from Section 1, the filtering mesh scale is the only variable of lLES . and its size
directly affects the switching position of the DES near the boundary layer. These three definitions take
into account the scale of the three-dimensional grid, but the size of the filter grid is still different for the
same grid. Therefore, it is necessary to get the size relations of these three filtering grid scales. Among
the definition methods, the arithmetic average method is the most common and simplest in form. The
size relations of filtering grid scales ∆GM , ∆QM and ∆AM were compared.
1. ∆GM and ∆AM
The size relation between ∆GM and ∆AM can be regarded as a simple application of arithmetic
mean-geometric mean inequality (AG inequality [22]) in the three-dimensional filtering grid scale. The
general form of AG inequality is
p
n

b1 b2 · · · bn ≤

b1 +b2 + · · · +bn
n

(16)

where bi (i = 1, 2 . . . , n) is a positive number. The equal sign is true only when b1 = b2 = . . . = bn .
Equation (17) is applied to mesh element
q
3

∆x ∆ y ∆z ≤

∆x + ∆ y + ∆z
3

(17)
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It means the arithmetic mean mesh scale ∆AM is not less than the geometric mean mesh scale ∆GM .
2. ∆QM and ∆AM
∆x + ∆ y + ∆z

 3
∆ ·1+∆ y ·1+∆z ·1 2
2
(∆AM ) = x
3

∆AM =

⇐⇒

(18)

Since ∆x , ∆ y , and ∆z are all greater than 0, from the Cauchy–Buniakowsky–Schwarz Inequality,
Equation (18) can be further converted to

(∆AM )2 =




∆x ·1+∆ y ·1+∆z ·1 2
3
⇐⇒

≤

∆x + ∆ y + ∆z
3



1
·
32

≤



∆2x + ∆2y + ∆2z 12 +12 +12
q 2 2 2
∆x + ∆ y + ∆z
3

(19)

It means the quadratic mean filtering grid scale ∆QM is not less than the arithmetic mean filtering
grid scale ∆AM .
From Equations (14)–(17), the relations between the three filtering grid scales is
∆GM ≤ ∆AM ≤ ∆QM

(20)

4. Internal Flow Simulation in Curved Elbow
4.1. Physical Model
The 90◦ square curved elbow with experimental results in the work of Taylor et al. [23] was
selected as a research model, as shown in Figure 3. A cylindrical coordinate system is set at the curved
section, and the Cartesian coordinate system is assigned for the straight section in the figure. In the
cylindrical coordinate system, the origin O1 is located at the curvature center of the curved section
centerline, and θ is the polar angle. θ = 0◦ at the entrance of the curved section, and θ = 90◦ at the exit
section. In the Cartesian coordinate system, x represents the length of straight section, which is positive
along the flow direction. When θ = 0◦ and 90◦ , x is taken as 0 mm. The dimensionless coordinate in
flow direction is defined as xH = x/D, r∗ = (r − r0 )/(ri − r0 ) is the radial dimensionless coordinate,
and Z∗ = Z/Z 1 is the spanwise dimensionless coordinate (Z 1 represents half of the total length of
2
2
span, that is 1/2D).

Figure 3. Geometry structure of square curved elbow.
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The side length of elbow section D = 40 mm, and the inlet flow rate ui = 1 m/s. The curvature
radius of the inner arc surface ri = 72 mm, the curvature radius of the outer arc surface r0 = 112 mm
and the dimensionless average curvature radius Rc /D = 2.3. Among them, Rc is the average radius
of curved section, Rc = 0.5(ri + R0 ). The length of A and C straight segments are Lup = 7.5D and
Ldown = 15D, respectively. The tangents of upstream and downstream were 0.3m and 2.0 m, respectively.
The dimensions of the cross-section (40 ± 0.1 × 40 ± 0.1 mm) conform closely to those of the tangents.
The bulk velocities, Vc, were 1.98 cm/s and 1.00 m/s for the laminar and turbulent flows, respectively,
corresponding to the Reynolds numbers, Re, of 790 and 40,000 and Dean numbers, De, of 368 and
18,700. The temperature of the liquid was maintained at 20◦ ± 2 ◦ C for all the experiments.
4.2. Calculation Settings
In the paper, the structured grid partition was used for the whole fluid domain by ANSYS (Finite
element analysis software). In order to meet the requirement of the DES model, the near-wall grid
was refined. The thickness of first layer was set 2 × 10−4 d, and the grid growth rate of 1.2 was adopted
to the main flow. The final total mesh number is 4,939,044, and the grid quality is above 0.65. The
rationality of y+ was verified by the steady calculation according to SST k-ω turbulence model. The y+
is shown in Figure 4. As can be seen, the grid meets the requirement of the DES model.

Figure 4. y+ distribution of curved elbow.

The numerical calculation was based on OpenFOAM (Open Field Operation and Manipulation)
software [24]. The inlet and outlet were set as velocity and free outflow, respectively. The wall was set
to no slip boundary condition. The DES unsteady calculation was initialized with a convergent SST
k-ω steady result using the SIMPLE algorithm.
The main geometric feature of grid was used in the improved definition of the filtering grid scale.
The process of calling the function of grid element feature quantities in OpenFOAM is described in
Figure 5.
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Figure 5. Main geometric feature quantities of mesh in OpenFOAM.

No matter how many mesh cells are contained in the grid, all cell bodies in the grid objects can be
located by using the forAll loop, that is, traversing the cell bodies. Here is how to use forAll:
const cellList& cells=mesh.cells();
forAll(cells,cellI)
{
······;
}
The CellI above is a count variable of the total number of cells automatically updated by the
software according to the cell body list (cellList& cells), and no artificial setting is required.
In forAll (cells,cellI), the current mesh cell body is mesh.cells () [cellI]. To traverse the cell surface
in the cell body, another forAll loop was applied in the cell body traversal function:
const labelList& cFaces=mesh.cells()[cellI];
forAll(cFaces, cFaceI)
{
······;
}
The function of cFaceI is the same as cellI.
4.3. Calculation Results
For the three filtering grid scales, the effects of definition methods (∆AM , ∆GM and ∆QM ) on
calculation results in the DES model were compared to the experimental results. In addition, the DES
result of ∆max was used as another set of comparisons.
4.3.1. Comparison of the Average Speed Curve in the Mainstream Direction
The mainstream time-averaged velocity distribution curves obtained by DES model defined by
three scales are shown in Figure 6. According to Figure 6b,c, the three velocity distribution curves near
the outer arc surface are close to the experimental value, and there is a big difference in the velocity
curve near the inner arc surface (Figure 6a). In the inlet section of the elbow (xH = −0.25, θ = 30◦ ),
the three velocity curves are still close to the experimental value, which indicates that the three scale
definition methods can accurately simulate the characteristics of the internal flow distribution. At the
back of the pipe elbow (θ = 60◦ , xH = −0.25), the three speed distribution curves start to be different,
among which ∆GM gets the most deviation from the experimental value, ∆QM is the closest to the
experimental value and ∆AM is in the middle.
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Figure 6. Time-averaged velocity distribution of flow cross section. (a) The mainstream time-averaged
velocity distribution curve obtained by the DES model at r∗ = 0.9; (b) the mainstream time-averaged
velocity distribution curve obtained by the DES model at r∗ = 0.5; (c) the mainstream time-averaged
velocity distribution curve obtained by the DES model at r∗ = 0.1.
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The difference between ∆AM , ∆GM and ∆QM in different regions were analyzed. The three curves
are close to the experimental values near the wall area (0.5 < Z∗ < 1) and the difference is not obvious.
With the decrease of Z∗ (flow close to the mainstream area), the development of the three curves
changed. The ∆GM curve firstly deviates significantly from the experimental value, then the ∆AM
curve also begins to deviate. In the mainstream area (0 < Z∗ < 0.3), the ∆GM and ∆AM curves deviate
from the experimental value by a large margin, and gradually return to the experimental value again.
Compared with the ∆GM and ∆AM curves, the ∆QM curve trend is closest to the experimental value.
It can be seen that in the simulation area affected by centrifugal force, the velocity curve appears in
obvious deformation (θ = 60◦ , xH = 0.25 in Figure 6a). The oscillation stability of the curve obtained
by ∆QM is higher than ∆max . Therefore, the curve trend and velocity results of ∆QM are closer to the
experimental results, and the stability is evident in the distribution of the θ = 60◦ section.
4.3.2. External Arc Surface Flow Static Pressure Distribution (r∗ = 0, Z∗ = 0)
The static pressure distribution curves on the outer arc wall surface obtained by ∆AM , ∆GM and
∆QM are shown in Figure 7. As can be seen from the figure, the development of the three pressure
distribution curves is the same. As θ increases firstly then decreases, CP takes a peak in the range
when θ is between 50◦ and 60◦ . This rule is consistent with the experimental results. Compared with
the experimental values, the results of ∆AM , ∆GM and ∆QM are close to the results of ∆max in the range
of θ < 30◦ and θ > 75◦ . Within 30◦ < θ < 75◦ , the results of ∆AM , ∆GM and ∆QM are closer to the
experimental values.

Figure 7. Flow static pressure distribution on the outer arc surface.

Compared with the averaged speed curve in the mainstream direction, the CP distribution of
∆AM , ∆GM and ∆QM is not obvious. In terms of the CP value on the curve, ∆GM > ∆AM > ∆QM within
θ = 0◦ ∼ 60◦ . When θ > 60◦ , the relationship between the three CP values changes, which is related
to the serious deformation of the velocity distribution on the cross section under the influence of
centrifugal force. Among the three curves, the development trend and the values of the ∆AM curve
and the ∆QM curve are closer to the experimental results. However, when θ > 60◦ , ∆QM is slightly
closer to the experimental value compared with the ∆AM value.
Comparing Figures 6 and 7, the velocity curve and pressure distribution curve of ∆AM , ∆GM
and ∆QM are all close to the experimental values in the areas where the centrifugal force is small
(r∗ = 0.1, r∗ = 0.5, r∗ = 0.9, θ < 60◦ ). When simulating the flow in the area seriously affected by
centrifugal force (r∗ = 0.9, θ > 60◦ ), the trend obtained by ∆QM is closer to the experimental result. In
summary, ∆QM is more suitable for calculating the flow in the elbow.
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5. Conclusions
The RANS/LES switching function of the DES model was studied in the paper. The characteristics
of the DES grid and the influence of existing RANS/LES switching functions on the switching mode of
one-dimensional grid definitions were analyzed. The length–width ratio of the three-dimensional grid
size of typical DES mesh was obtained by comparing the effects of the DES boundary layer meshes
on the working mode of the DES model. Then, the 90◦ square curved elbow was selected as the
research object. The effects of three grid definition methods on the simulation results of the DES model
were compared, and the velocity distribution of the flow cross section and the distribution of the flow
pressure coefficient on outer arc surface was compared with the experimental results. The results show
that, the three velocity curves near the wall are close to the experimental values, and the flow is close
to the main flow area. The ∆GM and ∆AM curves deviate greatly from the experimental values at first,
and the trend of the ∆QM curve is the closest to the experimental values. Among the three pressure
coefficient curves, the development trend and numerical values of ∆AM and ∆QM are the closest to the
experimental results, but when θ > 60◦ , the values of ∆QM are slightly close to the experimental results.
It is verified that the ∆QM filter grid scale defined by the square average method can better simulate
the turbulent flow under the influence of curvature compared with ∆GM and ∆AM .
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