Journal of
Marine Science

and Engineering

Article

A Hybrid Model Based on the Bifurcation Approach for Internal
Turbulent Flow with Rotation and Streamline Curvature Effects

Kaiwen Pang 100, Xianbei Huang !, Zhuqing Liu 23%*, Yaojun Li 34

check for
updates

Citation: Pang, K.; Huang, X; Liu, Z.;
Li, Y.; Yang, W. A Hybrid Model
Based on the Bifurcation Approach
for Internal Turbulent Flow with
Rotation and Streamline Curvature
Effects. J. Mar. Sci. Eng. 2022, 10, 2022.
https://doi.org/10.3390/
jmse10122022

Academic Editor: Maria Isabel Lamas
Galdo

Received: 17 November 2022
Accepted: 14 December 2022
Published: 18 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Wei Yang 34

College of Electrical, Energy and Power Engineering, Yangzhou University, Yangzhou 225009, China

School of Water Conservancy and Civil Engineering, Northeast Agricultural University, Harbin 150030, China
College of Water Resources and Civil Engineering, China Agricultural University, Beijing 100083, China
Beijing Engineering Research Center of Safety and Energy Saving Technology for Water Supply

Network System, Beijing 100083, China

Correspondence: 1zq@cau.edu.cn

W N e

Abstract: This study aims to research the prediction performance of a bifurcated adaptive DDES
(BADDES) model in different turbulent flows with rotation and curvature. The k — w model is
modified by the bifurcation approach to account for the rotation and streamline curvature effects
and then used as a base model to establish the BADDES model. The BADDES model was tested
in rotating channel flow, Taylor-Couette flow, and swirling flow through an abrupt axisymmetric
expansion. The velocity distribution of the BADDES model is slightly superior to that of other models.
Additionally, the BADDES model is superior to other models at predicting RMS velocity. In addition,
the URANS region of the BADDES model is thinner, meaning that the BADDES model can switch
from the URANS model to the eddy simulation branch faster. The BADDES model can capture
smaller-scale vortex structures than other models.

Keywords: DDES; bifurcation approach; adaptive DDES model; rotation and curvature; URANS; BADDES

1. Introduction

Water jet propulsion pumps are among the most critical facilities for modern ships
affording the required power. Many studies [1-6] have focused on the internal field of
the pump using CFD to improve the design or reveal the mechanisms involved. Rotating
turbulence is the key characteristic of the pump. It has a high adverse pressure gradient,
large streamline curvature, and strong rotation effect, making it challenging to predict
the flow structure accurately. The Reynolds averaged Navier—Stokes (RANS) model is
not sensitive to capturing the rotation and streamlined curvature effects due to its native
defects [7,8]. Meanwhile, due to the high computation cost, it is hard to use direct numerical
simulation (DNS) or large eddy simulation (LES) to simulate a rotating machine with a
high Reynolds number. Therefore, it is more suitable to incorporate the effects of rotation
and streamlined curvature into the hybrid turbulence model, which couples RANS with
LES [9].

Detached eddy simulation (DES), which was proposed by Spalart et al. [10], is a
seamless hybrid method that couples unsteady RANS (URANS) models and eddy-resolving
simulations [11]. Shielding functions are used to solve the modeled stress depletion (MSD)
problem [12,13], which can switch from the URANS to the LES outside the boundary layer.
The resulting model was named delayed DES (DDES). There are also some drawbacks
to the DDES, such as log-layer mismatch (LLM) [14] and slow large-eddy simulation
development in mixing layers (SLD) [15]. LLM can be alleviated by modifying the shielding
function [14,16] or length scale definition [17]. SLD can be alleviated by modifying the
Smagorinsky model (SM) of the eddy branch of a DDES [18]. The modification measures
include alternating the grid scale [17,19-21], replacing the SM model with the WALE model
or o model [20], or dynamically calculating the model coefficients [9,22-26]. Reddy et al. [17]
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proposed the [? — w DDES model, which could alleviate both the LLM and SLD. Yin et al. [9]
implemented the dynamic procedure for computing the coefficient of the I> — w DDES.
An inferior bound was added to gauge the mesh resolution and prohibit the invocation
of the dynamic procedure on a coarse grid, and this method was named adaptive DDES
(ADDES) [22]. According to previous studies, ADDES has apparent advantages in the
DES series.

As a relatively new method, ADDES has seen limited applications in rotating ma-
chinery. However, we can see the prospects of this method from the application of
DDES [15,18,24,26-35]. There are two drawbacks to the ADDES model: (1) The ADDES
model does not systematically account for the system rotation and streamline curvature
effects, resulting in less-than-ideal results for the rotating channel flow [31] and rotating
machinery [32-35]. (2) There is still a retained near-wall URANS region, even when the
mesh is fine enough to resolve the LES [22-24]. Thus, the system rotation and streamline
curvature effects should be included in the ADDES model. Moreover, the transition be-
tween URANS and LES should be carefully considered. Therefore, the motivation of the
present work is to solve these two deficiencies in the ADDES model.

In order to deal with the first drawback, we should first incorporate the effects of
rotation and streamlined curvature into the URANS turbulence model. There are three
methods to sensitize the linear eddy viscosity models to rotation and streamline curvature:
the “non-linear approach [36-39]”, the “modified coefficients approach [40-42]”, and
the “bifurcation approach [43—-45]”. The principal idea of the bifurcation approach is to
mimic the behavior of a second-moment closures (SMC) model in incompressible rotating
homogeneous shear flow. Many scholars have verified that the prediction results of the
bifurcation approach are more accurate than those of other approaches [7,8,44—48]. In
order to deal with the second drawback, improving the ability to resolve the flow field
of the URANS model is a new idea to alleviate the SLD problem. According to several
scholars [43,46—48], another significant advantage of the bifurcation approach is that the
resolution of the velocity fluctuation of the flow field is accurate. Therefore, the basic idea
of the present work is to use the URANS model modified by the bifurcation approach to
build a new adaptive DDES model that solves the two deficiencies of the ADDES model.

In the present work, the rotation and streamline curvature effects are introduced to
the k — w model by the bifurcation approach and are then used as a background model
to establish a new adaptive DDES method. Then, we compare the prediction effects by
simulating three flows with different rotation and curvature effects: rotating channel flow,
Taylor-Couette flow, and swirling flow through an abrupt axisymmetric expansion.

2. Model Formulation

In the present work, we compared four different turbulence models, all of which are
based on the k — w model. The model formulation of the original Wilcox k — w model [49]
and the four different turbulence models are briefly introduced in this chapter. Section 2.2
introduces the bifurcation k — w model proposed in our previous work [48], which is a
RANS model and considers the effects of rotation and curvature. Section 2.4 introduces
the modified k — w model using the shielding function of the original DDES method,
which is a hybrid k — w and LES model. Section 2.5 presents the existing adaptive DDES
model. Section 2.6 introduces the main innovation of this paper. We modified the adaptive
DDES model based on the bifurcation model. All four models were self-realized on the
open-source code OpenFOAM-2.4.0.

2.1. The Original Wilcox k — w Model
The Wilcox k — w model [49] is of the form:

ok ok B 5 d ok
g-l—u]aij —21/t|5| Cykw+%<(V+Uva)aycj>, (1)
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ow ow 2 0 dw

5 —i—u]a =2C1|S|” — Cupw —i—ax]<(v+ava)axj>, )
where 14 = k/w. The standard constants are invoked, i.e., C,; = 5/9, C,» = 3/40,
Cy =0.09, 0, = 0.5,0, = 05.

2.2. The Modified Bifurcation k — w Model (Named the BkO Model) (RANS Model)

In the incompressible homogeneous shear flow, as in the k — w model, the k and w
equation of the model can be simplified to:

dk Lk

7= cms2 — Cykw, 3)
dw C
e Ce15% — Copw? = vitlpk — Cupt?, 4)

where v = Ck/w and C;; = 1. The dissipation rate ¢ = Cykw is inserted. Then, Equations
(3) and (4) can be combined to give the following:

s (&) - (G (ca v 7). .

Two equilibria of Equation (5) are obtained by setting ds;(e/Sk) = 0. Therefore, there
are two branches. The first branch (¢/Sk) # 0 represents when the turbulent kinetic energy
increases exponentially with time; the second branch (e/Sk) = 0 represents when the
evolution of turbulent kinetic energy with time is in the form of a power law.

The specific coefficient derivation process and the constraints that should be satisfied
can be found in the literature [43]. The final form of the bifurcation k — w model can be
written as:

% 1+1Xw5771 1+¢’<w2!773| +0¢w3173
C:=C V12 6
K ”(\/ T agsy, T etVi2y sl = ’73> 1+ pal173] ©

The model coefficients are given by (1, Xw2, X3, Xwa, Xws) = (0.062,0.8,0.4,0.4,0.025).
The bifurcation point is the same as the k — ¢ model, and the restabilization point is at
|R| = 1.62, corresponding to QF /S = (+1.16, —0.28).

2.3. Unification of Rotation and Curvature

Rotation and curvature are analogous, and they can be unified using the Spalart-Shur
tensor [44,46]. The rate of rotation is given by:

Ofed = Qf + (G — WS @)

The Spalart-Shur tensor is an antisymmetric tensor that is defined in terms of the
convective derivative of the strain rate tensor:

S5.DtS — D4S.S
0% =f - 22022 8
232 ®)
In 2D, W]‘;(1 = QSS In 3D, this is a change to W ]k = Q]Pk — €;jxw; in which
w; = X (QF epai — Q€ )
i S4Aij pq©praj rs €rsj )s
[136; + 121115S;j + 6115 S S 10)

i 2013 — 121112
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where [Is = §;;S;; and I1Is = §;;SjxSy;. The rate of rotation tensor invariant used in the
e d _ d d
model is: 75" = Q?].w QZ‘O .

2.4. The Modified DDES Model Based on the k — w Model (Named the DDESO Model) (Hybrid
k — w with the LES Model)

The governing equations of the DDESO model read as:
ok ok

o Hin, =28 = Vi /Ippes + V- (v + ovr) V), 1)
]
dw dw 2 2
= THine =2C1|S|” — Cipw” + V- (v + owvr)Vw) (12)
]

The DDESO length scale in Equation (11) reads as follows:

Ippes = Irans — famax(0, Irans — lres), [rRans = Vk/Cuw, Irgs = CprsA, (13)

where Cpps = 0.12 is the model coefficients, and the grid spacing A is proposed by
Reddy et al. [17]:
A= fdvl/3 + (1 = fa)hmax, (14)

where V is the cell volume, fimax = max(dx, dy, dz) is the maximum cell spacing among the
three directions, and f; is the DDES shielding function proposed by Sparlat et al. [12]:

fd =1- tanh([Srd]3>,
_ k/w+v (15)
d K22,

where v is the kinematic viscosity, « is the Von Karman constant, d, is the wall distance,
and U; ; is the velocity gradient tensor.

2.5. The Adaptive DDES Model (Named the ADDES Model)
The ADDES model [9] takes the form:

ok ok
= HUia = 2hppesw|S[? = Cukw + V- (v + oyvr) VK), (16)
j
ow Jw 2 2
j"'“iﬁ =2C1|S|” — Cpw” + V- ((v+ owvr)Vw). (17)
j

The standard constants used are the same as in Section 2.1. The ADDES length scale
in Equation (16) reads as follows:

lappEs = Irans a — famax(0,Ixans a — lLEs), IRans 4 = Vk/w, I s = CpesA.  (18)

The same grid spacing A and shielding function f; is used in the ADDES. Then,
vt = I3 psw is used to define the production term of the k equation in the k — w model, leav-
ing all the other terms unaltered. Therefore, on the URANS branch (f; = 0, ILgs > Irans),
we have

v = (\/%/w)Zw —k/w, (19)

the same as the k — w model. On the eddy simulation branch (f; = 1, I g5 < IraNS),

vi = (CpesA)’w, (20)
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which is similar to the sub-grid viscosity expression of SM:
v = (Cpesd)*w. (21)

Lilly proposed a dynamic procedure in LES to evaluate the model constant Cs. Indeed,
w plays a similar role to the filtered rate of the strain |S| away from the near-wall region.
Therefore, Yin et al. [9] applied the dynamic procedure of DSM to evaluate Cprg. The usual
rationale is that scale similarity allows for resolved fluctuations to be used to estimate the
sub-grid stresses. We define the test filter stresses as:

(AT _ A28
My; = (A WS — A wSU), (22)
Lyj = it — iy, (23)

Though the Cpgs could be computed using Equations (22) and (23), a fine grid is
required. To correctly evaluate Cpgs, a lower bound is used to avoid the dynamic procedure
on the coarse grid.

C2 =max|0,0 5ﬂ (24)
Ay = MM )
Cps = max(Ciim, Cayn ), (25)
Ciim = CODES {1 — tanh (oc exp <—/5f;max>)] . (26)

where CODES =0.12,a =25,4=0.05,and 57 = (1/3/8)1/4.

2.6. The New Bifurcation Adaptive DDES Model (Named the BADDES)

Equations (3) and (16) show that both the bifurcation approach and adaptive DDES
modify the production term of the k equation. Therefore, two constraints should be
followed:

1. There is no conflict between the two methods for the correction of the production
term in the k equation;
2. Thebifurcation k — w model only acts on the URANS region inside the boundary layer.

Thus, the URANS length scale Iz 4ns_ga should be modified to satisfy the two constraints.

IrRANs BA = \/Ciik/ w. (27)

The new bifurcation adaptive DDES model is of the form:

ok ok
5 T 5 = 2Bappesw@!S|* = Cukw + V- (v + o) V), (28)
]
ow ow 5 2
y—Fujg :ch1|8| —Cwa +V~((v+0va)Vw). (29)
]

3. Test Cases

Three standard test cases are simulated in this section to study the performance of the
BADDES model in different turbulent flows: rotating channel flow with system rotation,
Taylor-Couette flow with wall rotation and curvature effect, and swirling flow through
abrupt axisymmetric expansion with inlet swirling flow. The present work compares the
prediction results with the available experimental or DNS results. All cases were simulated
using the open-source code OpenFOAM-2.4.0. The matrix system of pressure was solved
using the pre-conditioned gradient (PCG) algorithm with the geometric-algebraic multi-
grid (GAMG) preconditioner. Other asymmetric matrices were solved using smoothSolver
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with the GaussSedil smoother. Gaussian finite volume integration with the second-order
Gauss linear scheme (central difference scheme) was used for the spatial discretization of
equations for the first two cases. In addition, the second-order Gauss QUICK (quadratic
upwind interpolation of convective kinematics) scheme was used to discrete the convection
and diffusion terms to improve its convergence for the last case. The second-order backward
difference scheme was used for time discretization. It should be noted that URANS
equations retain the transient term.

In URANS, the usual Reynolds decomposition is employed as follows [50]:

3(t) = & [ o),
v=(0)+0 +0v

(30)

where (7) is the time-averaged velocity, v’ is the resolved fluctuation, and v” is the modeled
turbulent fluctuation. We should ensure that the turbulence model is not too dissipative so
as not to kill the resolved fluctuations v’ [50]. Therefore, all results of the Reynolds stress in
this study were ¢/, the resolved fluctuation.

3.1. Rotating Channel Flow
3.1.1. Benchmark Description and Computational Setup

The first case is rotating channel flow, a flow type with system rotation. In this paper,
we use the DNS data from the study by Yang et al. [51].

Figure 1 is a sketch of the rotating channel flow extracted from the literature [52]. The
dimensions of the channel streamwise (x), in the normal direction (y), and spanwise (z)
are 27th, 2h, and 27th, respectively. The average velocity is U;;;, the Reynolds number is
Re = U;,h/v = 7000, h is the half channel height, and v is the kinematic viscosity. The
rotation number is Ro = 2wh/U,, = 0.3, where w is the rotational angular velocity.

DA L Z /T: (. L/
’ > w/ X

2h Y

v 777

Figure 1. A sketch of the rotating channel flow. Extract from Huang’s study [52].

The governing equation under the rotating reference system is used in the calculation:

aui
e A 1
o, (31)
ou; ou; 19(p) u; 0T dP
i AR — — 4 Feor + —. 2
ot T 0x; o 0x; Vijaxj ox;  Feor dx; (32)
Feor = —2w X u represents the Coriolis body force, and w is the rotational angular

velocity vector. The centrifugal force in the rotating system is a scalar quantity and is
included in the pressure term [52]. The pressure gradient drives the flow in the streamwise
direction, and the pressure gradient in the normal and span directions is zero. A self-
compiled channelRotate solver is used to solve the governing equation. The Pressure
Implicit with the Splitting of Operator (PISO) algorithm is used to calculate the pressure—
velocity coupling. In the calculation process, after each time step, an iterative calculation is
completed to ensure that the Reynolds number is constant, and the solver will automatically
adjust the velocity distribution of the inlet section. The flow and span direction of the
rotating channel flow are set as periodic boundary conditions. The upper and lower walls
are set as the non-slip wall boundary conditions. The grid number in the three directions is
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48, 64, and 128, respectively. The streamwise and spanwise grids are uniformly distributed,
and the normal direction is locally encrypted in the near-wall area, corresponding to
y = 0.8. This grid number is verified by Huang et al. [52] to be suitable for solving the
rotating channel flow.

In the calculation process, the maximum Courant-Friedrichs-Lewy (CFL) number
does not exceed 0.6. The initial velocity field with high and low-velocity intervals was
generated by a method proposed by Eugene [53] to make the flow develop into a fully
developed turbulent flow as soon as possible. Figure 2 shows that the change in the
transient streamwise velocity with time at the center of the channel corresponds to the
coordinates of (3.14, 1, 1) in the BADDES calculation results. The time is dimensionless with
the flow cycle Ly/Uy. Ly is the length of the channel. It can be seen that the calculation
reaches a stable state after about 14 flow cycles. Therefore, the first 14 flow cycles were
used to eliminate the transient characteristics of the flow, the last 306 cycles were averaged,
and the whole simulation included a total of about 334 flow cycles.

1.4
1
1
1.3 !
1
1
= 1
SEL2
\.
=711
1
1
1 1
1
1
0.9 L
100 200 300 0 20 40 60 80 100
L. /u) L. /U )
(@) (b)

Figure 2. The transient velocity with time at the center of the channel corresponds to the coordinates of
(3.14, 1, 1) in the BADDES calculation results. (a) Total of about 334 flow cycles. (b) First 100 flow cycles.

In this case, all results are spanwise, streamwise, and time-averaged results to match
the results of the DNS. The mean velocity (i) is defined as:

L " [N dxdzd
= u t.
(us) LxLzT/O /0 /0 gdxdz (33)

where i is the transient streamwise velocity and L, is the spanwise length of the channel.

3.1.2. Results and Discussion

It should be pointed out that the “DNS” in the legend represents the result of the DNS,
which is indicated by a black circle. “BADDES” in the legend represents the BADDES
model, which is represented by solid black lines. “ADDES” in the legend represents the
adaptive DDES model, which is represented by a blue dotted line. “BkO” in the legend
represents the modified bifurcation k — w model, which is indicated by a red dotted line.
“DDESQ” in the legend represents the modified DDES model based on the k — w model,
which is indicated by a red + sign.

Figure 3 shows the streamwise mean velocity distribution with different turbulence
models. The DNS results show that the velocity gradually increases from the pressure side
(y/h = 0) to the suction side (y/h = 2), indicating that rotation effects influence turbulence.
The results of the BADDES model, ADDES model, and BkO model are very close, and all
can capture the rotation effect. However, the DDESO model cannot predict the asymmetry
velocity distribution, indicating that the original DDES method cannot make the base
model capture the rotation effect.
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o DNS
—— BADDES
L6r-. _gro
- + DDESO
5 ---- ADDES
Q 1.2
N | s ¢
T 0.8
0.4
. .
0 0.5 1 1.5 2
y/h

Figure 3. Comparison of mean velocity distribution with different turbulence models. DNS data
from Yang et al. [51].

Figure 4 shows the distribution of the root-mean-square (RMS) of the Reynolds stress
components and the turbulent kinetic energy of the rotating channel flow with different
turbulence models. It should be recalled that all results of the Reynolds stress are only the
resolved part. The definition of turbulent kinetic energy is:

oy = %<u§u§>. (34)

Figure 4. Comparison of Reynolds stress components and the turbulent kinetic energy distribution
with different turbulence models. DNS data from Yang et al. [51]. (a) Streamwise rms. (b) Normal
direction rms. (c) Span direction rms. (d) Turbulent kinetic energy.

From the results, the value on the pressure side is greater than the value on the suction
side, which shows that the rotation effect enhances the turbulence on the pressure side
while suppressing the turbulence intensity on the suction side. This result is consistent
with the results of other studies [1,2,36,37].

The BADDES and BkO model results are also very close and slightly superior to those
of the ADDES model. However, there is an abnormally high value of the streamwise
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! ——————————————————
(a) (b)

velocity fluctuation and turbulent kinetic energy of the BADDES model and BkO model
near the pressure side, perhaps related to the numerical error. The results on the pressure
side of the ADDES model are closer to those of DNS. In addition, the results of the BADDES,
ADDES, and BkO models are far superior to those of the DDESO model.

Figure 5 shows the contour of the f; variable with three DDES-type models. f; = 0
represents the URANS branch used, and f; = 1 represents the eddy simulation branch
used. It can be seen that the DDESO model stays in the URANS model for the whole
channel. The BADDES and ADDES models stay in the URANS model only in the near-wall
region, and eddy simulation branches are used in most areas. Compared with the ADDES
model, the URANS region of the BADDES model is thinner, which means that the model
can switch from the URANS branch to the eddy simulation branch faster.

Jastean
1

-0.75

l.:
- 0.25

A

Figure 5. Comparison of the contour of the f; variable with different turbulence models. (a) BADDES.
(b) ADDES. (c) DDESO.

()

Figures 6 and 7 show the transient fluctuation velocity distributions in the near-wall
region with different turbulence models at y/h = 0.4 and y/h = 1.96, respectively. The
plane y/h = 0.04 is the position with the streamwise fluctuation velocity peak values by the
BADDES model on the pressure side, while the plane y/h = 1.96 is at the same position of
the suction side for comparison with the results on the pressure side.

Figure 6 shows streak structures with a staggered distribution of high-velocity and
low-velocity areas at y/h = 0.04. The fluctuation velocity distribution near the pressure side
of the BADDES model and BkO model are similar and show that the streak structures are
smaller in scale and greater in number, which is consistent with the results of Yang et al. [51].
The streak structures of the ADDES model are relatively large in scale and fewer in number
than the BADDES model. In addition, the DDESO model only shows the very large-scale
streak characteristic.

Figure 7 shows that the streak structure becomes enormous in scale and smaller in
number at y/h = 1.96. This indicates that the turbulence is suppressed on the suction side
due to the rotation effects. In addition, the streak structure of the BADDES, ADDES, and
BkO models are far superior to those of the DDESO model, indicating that the DDESO
model cannot resolve the fluctuation velocity.
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abs(u,)/U,,

E 0.16

—0.12

(b)
0.08
0.04

0

(0) (d)

Figure 6. Transient fluctuation velocity distributions near the wall with different turbulence models
at y/h = 0.04. (a) BADDES. (b) ADDES. (c) BKO. (d) DDESO.

(b)
10.08
0.04
L 20

(d)
Figure 7. Transient fluctuation velocity distributions near the wall with different turbulence models
at y/h = 1.96. (a) BADDES. (b) ADDES. (c) BkO. (d) DDESO.

(©)
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The Q-criterion was applied to demonstrate the vortex structure in the rotating channel
flow:

1

where ();; and S;; are the rotation rate and strain rate tensors, respectively. Figure 8a—c
shows the vortex structure with Q = 0.0025 s~2 at a particular time calculated using the
BADDES, ADDES, and BkO models, respectively. Figure 8d shows the vortex structure
with Q = 0.0003 s~2 calculated by the DDESO model. It uses a larger threshold to show the
deviation among the three turbulence models clearly. The isosurface of Q is colored using
the magnitude of the mean flow velocity.

(©) (d)

Figure 8. The isosurface at a certain time when the turbulence is fully developed with different

turbulence models. The isosurface of Q is colored using the magnitude of the mean flow velocity.
(a) BADDES, Q = 0.0025 s~2. (b) ADDES, Q = 0.0025 s~2. (c) BkO, Q = 0.0025 s~2. (d) DDESO,
Q=0.0003s2.

Figure 8 clearly shows that the DDESO model only captures fewer vortex structures.
Compared with the ADDES model, the BADDES model can capture smaller-scale vortex
structures. In addition, there are more vortex structures on the pressure side and fewer on
the suction side, owing to the rotation effect.

3.1.3. Comparison of Computational Cost

The computational cost should be analyzed to ensure the engineering practicality of
the BADDES model. The average time for iteration is calculated on the same workstation
to study the computational cost of the different models. The CPU is a Xeon platinum 8259L,
with 48 cores, 96 threads, and 2.50 GHz, and parallel simulation is conducted with 48 cores.
The same boundary conditions and initial conditions were adopted for all the calculations.
One thousand time steps are calculated for each model, repeated three times, and the
average value is taken to obtain the iteration time of each step. Table 1 shows the results.

Table 1. Average time for iteration with different turbulence models.

Turbulence Model  Casel (s)  Case2 (s) Case3 (s) Average (s) Deviation (%)

BADDES 0.2435 0.245 0.245 0.2445
ADDES 0.249 0.247 0.260 0.252 +3.07
BkO 0.269 0.274 0.275 0.273 +11.66

DDESO 0.273 0.272 0.271 0.272 +11.25
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Table 1 shows the average time for iteration with the four different turbulence models.
The calculation cost of the BADDES model is the smallest. Compared with the BADDES
model, the calculation cost of the ADDES model, the BkO model, and the DDESO model is
3.07%, 11.66%, and 11.25% higher, respectively.

3.2. Taylor-Couette Flow
3.2.1. Benchmark Description and Computational Setup

The second case is Taylor-Couette flow, a flow type with wall rotation and curvature
effect. The physical model of Taylor-Couette flow is two concentric cylinders. When one
of the cylinders rotates, it will cause fluid movement. Since Taylor-Couette flow contains
rotation and curvature effects, this case is widely used as a simplified model of rotating
machinery in studies.

In this section, the DNS data from the Reference of Dong [54] are compared with the
BADDES model, ADDES model, BkO model, and DDESO model. Figure 9 is a sketch of
the Taylor-Couette flow. The outer cylinder is fixed while the inner cylinder rotates at
a constant angular velocity. The radius of the inner cylinder is Ry = 1, where Uj is the
rotation velocity of the inner cylinder. The radius of the outer cylinder is Ry = 2. The
length of the axis is 7t and the gap width is d = R — R;. The Reynolds number is defined
as Re = Upd/v, where v is the kinematic viscosity of the fluid. We have simulated the
Reynolds numbers as 8000.

The y-=
« Plane,
with y>0
R

Figure 9. Sketch of the Taylor-Couette flow.

The number of nodes used in the circumferential, radial, and axial directions is 128,
32, and 64, respectively. The circumferential and axial grids are uniformly distributed, and
the radial is locally encrypted in the near-wall area. The axial direction is set as periodic
boundary conditions; the inner cylindrical surface is a rotating wall, and the azimuthal
velocity is set to Ujp; the outer cylindrical surface is a non-slip wall. There is no system
rotation in this case, so the governing equations are the same as Equations (31) and (32),
but without the Coriolis body force. The incompressible solver pisoFoam is used to solve
the governing equation. The time is constant in the calculation process, and the maximum
CFL number does not exceed 1. The calculation reaches a stable state after about 20 rotation
cycles of 27tRy/Up. At this time, the circumferential velocity shows regular periodic
changes. Therefore, the whole simulation calculated a total of about 400 rotation cycles.
The first twenty rotation cycles were used to eliminate the transient characteristics of the
flow, and the last 380 rotation cycles were averaged.

3.2.2. Results and Discussion

Similar to the results of the rotating channel flow, the quantitative results of this case
have been averaged over time, circumferential direction, and axial direction.
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Figure 10 shows the distribution of mean azimuthal velocity and the mean angular
momentum at the two Reynolds numbers with different models. The mean velocity has
been normalized by Uy and the mean angular momentum by R;Uj.
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(a) (b)

Figure 10. Comparison of mean azimuthal velocity and mean angular momentum with different turbu-

lence models. DNS data from Dong [54]. (a) Mean azimuthal velocity. (b) Mean angular momentum.

Figure 10a shows that the overall azimuthal velocity gradually decreases along the
radial direction from the inner wall surface. Note the asymmetry of the mean velocity
profiles at the inner and outer cylinder walls. In the inner cylindrical surface, the azimuthal
velocity is the wall rotation velocity Uy, and the outer cylindrical surface velocity is 0. In
the area near the wall, the azimuthal velocity decays rapidly due to the shearing effect,
while in the core area of the flow 0.1 < (r — R;)/(Rp — Rq) < 0.9, the azimuthal velocity
decreases linearly and slowly with the radial velocity. Figure 10b shows the essentially
constant mean angular momentum in the core area of the flow [55-57]. Figure 10 also
shows that the prediction results of the four models are very close. The relative error was
used to quantitatively express the deviation between different models and DNS results.
The quantitative deviation of the BADDES model, ADDES model, BkO model, and DDESO
model is 4.87%, 7.11%, 4.03%, and 6.4%, respectively.

Figure 11 compares the RMS fluctuation velocity (normalized by Up) and turbulent
kinetic energy (normalized by U3) profiles of different turbulence models. In addition to the
RMS of the azimuthal fluctuation velocity, other DNS results of the RMS of the fluctuation
velocity were extracted from the study by Chouippe et al. [58]. Since there is no result for
the Reynolds shear stress in the study, no comparison is made in the present work.

As for the azimuthal fluctuation velocity, Figure 11a shows that the peak values of the
inner wall are substantially higher than those of the outer wall, indicating that the most
energetic turbulence occurs near the inner cylinder wall. It also shows that the prediction
results of the BADDES and BkO models are very close and slightly worse than the ADDES
model, while the deviation between the DDESO model and DNS results is relatively large.
As for the radial fluctuation velocity, the axial fluctuation velocity, and the turbulent kinetic
energy, Figure 11b—d shows that the result of the BADDES model is superior to those of the
ADDES model and BkO model, especially in the near-wall region. In addition, the three
models are far superior to the DDESO model.
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Figure 11. Comparison of RMS fluctuation velocity and turbulent kinetic energy profiles of different
models. The DNS results of the circumferential RMS fluctuation velocity from Dong [54] and other
DNS results of the RMS fluctuation velocity are extracted from the study by Chouippe et al. [58].
(a) RMS azimuthal fluctuation velocity. (b) RMS radial fluctuation velocity. (¢) RMS axial fluctuation
velocity. (d) Turbulent kinetic energy.

The relative error was used to quantitatively express the deviation between the dif-
ferent turbulence models and DNS results. Table 2 shows the relative errors of the RMS
velocity calculated by different turbulence models.

Table 2. Relative errors of the RMS velocity were calculated by different models in the Taylor-Couette
flow. (0/0).

Turbulence Model <uu> <vv> <ww> Average (s)
BADDES 16.76 5.02 14.11 11.96
ADDES 14.26 17.27 20.3 17.28
BkO 14.29 12.3 20.23 15.61
DDESO 46.78 62.7 60.97 56.82

Similar to the results of Figure 11, the BADDES model is slightly superior to the
ADDES model and BkO model. All three models are far superior to the DDESO model. At
the same time, Table 2 also shows that the deviation of the BADDES model is less than that
of the ADDES model by about 5.32%. The quantitative average deviation of the BADDES
model, ADDES model, BkO model, and DDESO model is 11.96%, 17.28%, 15.61%, and
56.82%, respectively.

Figure 12 shows the contour of the f; variable with three DDES-type models in the y-z
plane (y > 0). The position is marked in Figure 9. Similar to Figure 5, the DDESO model
stays in the URANS model for most of the computation region. The BADDES and ADDES
models stay in the URANS model only in the near-wall region, and the URANS region of
the BADDES model is thinner than that of the ADDES model.
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Figure 12. Comparison of the contour of the f; variable with different turbulence models. (a) BAD-
DES. (b) ADDES. (c) DDESO.

Figures 13 and 14 show the expansion diagram of the instantaneous wall shear stress
distribution on the inner and outer cylindrical surfaces, respectively. The wall shear stress
is 7y = v(du/dy) _o hormalized by 7,/ Ué, the abscess is the angle normalized by 7, and
the ordinate is the axial distance normalized by d. The shear stress value is represented by
color, and the “Jet” type color bar is used in MATLAB.
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(b)
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Figure 13. The expansion diagram of the instantaneous wall shear stress distribution on the inner
cylindrical wall with different turbulence models. (a) BADDES, (b) ADDES, (c) BkO, and (d) DDESO.
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Figure 14. The expansion diagram of the instantaneous wall shear stress distribution on the outer
cylindrical wall with different turbulence models. (a) BADDES, (b) ADDES, (c) BkO, and (d) DDESO.

In the inner cylinder, the wall shear stresses show a herringbone structure with
alternating high and low levels. The herringbone structures predicted by the DDESO
model are simple in their distribution and few in number. The BADDES model, ADDES
model, and BkO model can predict many small and disordered herringbone structures,
reflecting turbulence’s random and disordered characteristics.

There is a large velocity gradient in the inner cylinder due to the fluid motion caused
by the rotation of the inner cylinder. Therefore, Figures 13 and 14 show that the wall shear
stress of the inner cylinder is much larger than that of the outer cylinder. In addition, there
are no apparent herringbone structures on the outer cylinder wall.

Figures 13 and 14 also show that the prediction results of the BADDES model are
similar to those of the BkO model. Because the same bifurcation k — w model was used in
the near-wall region, richer flow field information can be obtained than with the ADDES
model or the DDESO model.

3.2.3. Comparison of Computational Cost

The same workstation was used to study the computational cost of the four turbulence
models in the Taylor-Couette flow. The same boundary conditions and initial conditions
were adopted for all four turbulence models. One thousand time steps are calculated for
each model, repeated three times, and the average value is taken to obtain the iteration
time of each step. Table 3 shows the results.

Table 3. Average time for iteration with different turbulence models in the Taylor-Couette flow.

Turbulence Model  Casel (s) Case2 (s) Case3 (s) Average (s)  Deviation (%)

BADDES 0.177 0.179 0.171 0.1757

ADDES 0.355 0.349 0.357 0.3537 +101.33
BkO 0.191 0.188 0.192 0.1903 +8.35

DDESO 0.37 0.36 0.358 0.3627 +106.45

Table 3 shows the average time for iteration with the four different turbulence models
in the Taylor-Couette flow. It can be seen that the calculated cost of the BADDES model is
also the smallest. In addition, the calculation cost of the ADDES and the DDESO models is
about twice that of the BADDES model, which is quite different from that of the rotating
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channel flow. There is little difference in the calculation cost of the BkO model between the
rotating channel flow and the Taylor-Couette flow, and the calculation cost increases by
8.35% compared with the BADDES model.

3.3. Swirling Flow through an Abrupt Axisymmetric Expansion
3.3.1. Benchmark Description and Computational Setup

The third case is swirling flow through an abrupt axisymmetric expansion, a flow
type with the inlet swirling flow and sudden expansion. Therefore, the flow has a large
adverse pressure gradient and complex turbulence characteristics, involving the formation,
shedding, reattachment, and collapse of the rotating separation vortex. The calculation
domain of the abrupt axisymmetric expansion in the present work is consistent with H.
Nilsson’s [59] work. There are two parts of the calculation domain: the incoming flow pipe
section and the downstream pipe section, where the expansion ratio is Dot/ Dj, = 1.94.
The physical model is shown in Figure 15. This paper calculates the working conditions of
the Reynolds number as 30,000, and the swirl number is 0.6. The experimental data are
from Foroutan and Yavuzkurt [60].

Din
2.0
0

””””” f’””"" 0.25
“““““ A
”””””””””” 0.75
”””””””””” 1.0
”””””””””” 1.5
““““““““““ 2.0
———————————————————— 4.0

Doy

Figure 15. Sketch of swirling flow through an abrupt axisymmetric expansion.

The total number of grids is 1.66 million, and y* < 5. This grid number is verified
by Foroutan and Yavuzkurt [60] to be suitable for solving the hybrid turbulence models.
Figure 16 shows the schematic diagram of the mesh used in the swirling flow through an
abrupt expansion.
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(b) ()

Figure 16. Schematic diagram of the grid used in the swirling flow through an abrupt expansion.

(a) Grid distribution in the whole computing domain. (b) Grid distribution in the sudden expansion
position. (c) Cross-section grid.

In this paper, the experimentally measured average velocity value is used as the
velocity inlet condition, the non-slip boundary condition is used on the wall, and the
zeroGradient boundary condition is used at the outlet. In this case, the governing equations
are the same as the Taylor-Couette flow. The incompressible flow solver pimpleFoam is
used to solve the governing equation. In the calculation process, the time step can be
automatically adjusted to meet CFL < 1.5, which is conducive to better convergence.

The calculation reaches a stable state after about 0.25 flow cycles. Therefore, the whole
simulation calculated a total of about five flow cycles. The first 0.25 flow cycles were used
to eliminate the transient characteristics of the flow, and the last 4.75 cycles were averaged.

3.3.2. Results and Discussion

Figure 17 shows the radial distributions of the mean circumferential and axial ve-
locity and mean circumferential and axial RMS velocity downstream of the expansion at
different positions.

The overall distribution is in a reverse “S” shape for the mean circumferential velocity,
and the characteristics of the reverse “S” shape distribution form are weakened as the
downstream distance increases. Near where the flow suddenly separates, two peaks
with opposite velocity directions decrease as the downstream distance increases. For the
mean axial velocity, there are two symmetrically distributed peaks, which are “M”-shaped
distributions, the peak points decrease as the downstream distance increases, and the
velocity distribution presents a “V”-shaped distribution at Z/D = 2. The results of the
BADDES and ADDES models are similar and superior to the BkO model and the DDESO
model. In addition, the BkO model predicted an abnormally positive value in the middle
of the pipeline after Z/D > 2. It may be related to the defect of the k — «w model; that is,
the w-equation has a strong sensitivity to the values of w in the freestream outside the
boundary layer.

As for the mean circumferential and axial RMS velocity, Figure 17 shows that the BAD-
DES model is superior to the ADDES model. Meanwhile, both the BADDES and ADDES
models are superior to the BkO model and the DDESO model. The former overestimates
the RMS velocity at the center of the pipeline, and the latter tends to converge upon a
steady solution leading to a relatively small RMS velocity.
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Figure 17. Radial distributions of circumferential mean velocity, circumferential RMS velocity, mean
axial velocity, and axial RMS velocity downstream of the expansion. Experimental data are from
Foroutan and Yavuzkurt [60]. © EXP ——BADDLES ----ADDES = = BkO *+ DDES,
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Figure 18 shows the contour of the f; variable with three DDES-type models. Figure 18
shows that the DDESO model only stays in the eddy simulation branch for the incoming
flow pipe section and then switches to the URANS model faster in the downstream pipe
section. The BADDES and ADDES models stay in the URANS model only in the near-wall
region, and eddy simulation branches are used in most areas. The URANS region of the
BADDES model is smaller than that of the ADDES model.

(b) k025

()

Figure 18. Contour plots of the f; variable with different turbulence models (a) BADDES, (b) ADDES,
and (c¢) DDESO.

Figure 19 shows the transient axial velocity contour plots of different turbulence mod-
els. The contour levels are between —0.4 and 0.8 at intervals of 0.05. It can be seen that the
BADDES model, the ADDES model, and the BkO model can capture abundant turbulence
characteristics at the center of the pipe near the abrupt expansion region. In addition, the
results of the BADDES model are slightly more abundant than those of the ADDES and BkO
models. Meanwhile, the DDESO model fails to capture these turbulence characteristics,
which appear to be steady symmetric results, although the URANS equations were solved.

Figure 19. Cont.
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Figure 19. Contour plots of the transient axial velocity of different turbulence models on the meridian
plane. The contour levels are between —0.4 and 0.8 at intervals of 0.05. (a) BADDES, (b) ADDES,
(c) BKO, and (d) DDESO.

Figure 20 shows the iso-surfaces of the Q-criterion with a value of 1200 572 to visu-
alize the three-dimensional vortical structures. The iso-surface of Q is colored using the
magnitude of the transient axial velocity.
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Figure 20. Iso-surface of Q = 1200 s 2 at a certain time when the turbulence is fully developed with
different turbulence models. The iso-surface of the Q is colored using the transient axial velocity. The
background is the average pressure distribution on the meridian plane. (a) BADDES, (b) ADDES,
(c) BKO, and (d) DDESO.

A three-dimensional vortex structure similar to a cylinder appears in the center of
the upstream pipe, rapidly changing into an irregular small-scale vortex structure at the
sudden expansion. It can clearly be seen that the BADDES model, ADDES model, and BkO
model capture a greater number of small-scale vortex structures. However, the BkO model
over-predicted the vortex structures in the middle position downstream of the pipeline.
The number of captured vortex structures of the DDESO model is the lowest.
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3.3.3. Comparison of Computational Cost

The same workstation was used to study the computational cost of the four turbulence
models in the flow through an abrupt axisymmetric expansion. The same boundary
conditions and initial conditions were adopted for all four turbulence models. In the present
work, the pimpleFoam solver was set to iterate six times within a time step. Therefore,
2000 time steps were calculated for each model, and 12,000 iteration steps were calculated.
Each calculation was repeated three times, and the time of each iteration step was averaged.

Table 4 shows the average iteration time of the four different turbulence models in
the swirling flow through an abrupt axisymmetric expansion. The calculated cost of the
BADDES model is slightly less than that of the ADDES model. In addition, the calculation
cost of the BADDES model is 12.593% lower than that of the BkO model.

Table 4. Average time for iteration with different turbulence models in the swirling flow through an
abrupt axisymmetric expansion.

Turbulence Model  Casel (s) Case2 (s) Case3 (s) Average (s)  Deviation (%)

BADDES 0.408 0.407 0.400 0.405
ADDES 0.4 0.411 0.425 0.412 +1.728
BkO 0.484 0.424 0.46 0.456 +12.593
DDESO 0.369 0.413 0.367 0.383 —5.432

4. Conclusions

Based on the bifurcation approach, the k — w model is modified to account for the
effects of rotation and curvature and then used as a base model to establish a new adaptive
DDES method. The BADDES model was simulated in rotating channel flow with system
rotation, Taylor-Couette flow with wall rotation and curvature effect, and swirling flow
through an abrupt axisymmetric expansion with inlet swirling flow to study its predic-
tion effect. Three k — w-type models (ADDES, BkO, and DDESO) were also simulated
for comparison.

1.  Regarding the velocity of the rotating channel flow with system rotation, the BADDES,
ADDES, and BkO models can capture the rotation effect, while the DDESO model
cannot capture the rotation effect. As for the other two cases, the velocity distribution
is close, and the BADDES and ADDES models are slightly superior to the BkO and
DDESO models.

2. Regarding the RMS velocity, the results of the BADDES model are slightly superior to
those of the ADDES model and the BkO model. Meanwhile, the BADDES, ADDES,
and BkO models are far superior to the DDESO model, especially in the swirling flow
through an abrupt axisymmetric expansion, which tends to converge upon a steady
solution leading to a relatively small RMS velocity.

3. The ADDES model sustained a certain RANS region thickness, even on grids with
a resolution suitable for wall-resolved LES. Compared with the ADDES model, the
URANS region of the BADDES model is thinner with the same grids. Thus, a DDES
model based on the bifurcation URANS model can alleviate the SLD problem. Mean-
while, the DDESO model stays in the URANS model for most computed regions in all
three cases.

4.  The BADDES model and the BkO model capture a more abundant number of small-
scale vortex structures than the ADDES model. However, the BkO model over-
predicted the vortex structures in the middle position downstream of the pipeline. In
addition, the DDESO model captures significantly fewer vortex structures.

5. The computation cost (average iteration time) of the BADDES model is slightly less
than that of the ADDES model in the rotating channel flow and the swirling flow
through an abrupt axisymmetric expansion: 3.07% and 1.72% lower, respectively. In
addition, the calculation cost of the ADDES model is about twice that of the BADDES
model in the Taylor-Couette flow.
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