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Large eddy simulation (LES) with various subgrid-scale (SGS) models was introduced to numerically calculate the transient flow of
the hydraulic coupling. By using LES, the study aimed to advance description ability of internal flow and performance prediction.
The CFD results were verified by experimental data. For the purpose of the description of the flow field, six subgrid-scale models
for LES were employed to depict the flow field; the distribution structure of flow field was legible. Moreover, the flow mechanism
was analyzed using 3D vortex structures, and those showed that DSL and KET captured abundant vortex structures and provided a
relativelymoderate eddy viscosity in the chamber.The predicted values of the braking torque for hydraulic coupling were compared
with experimental data.The comparison results were compared with several simulationmodels, such as SAS and RKE, and SSTKW
models.Those comparison results showed that the SGSmodels, especiallyDSL andKET,were applicable to obtain themore accurate
predicted results than SAS and RKE, and SSTKW models. Clearly, the predicted results of LES with DSL and KET were far more
accurate than the previous studies. The performance prediction was significantly improved.

1. Introduction

A fluid coupling or hydraulic coupling is a hydrodynamic
device commonly used in applications requiring smooth
torque transmission. It is called coupling for short, which
consists of an input rotor (pump impeller) and a matching
output rotor (turbine runner), facing each other with a
small gapwithoutmechanical contact. It enables transmitting
rotating mechanical power, where it requires variable speed
operation and controlled start-up without shock loading of
the power transmission system. Fluid couplings can also act
as hydrodynamic brakes, named hydraulic retarder, dissipat-
ing rotational energy as heat through frictional forces.

The transient flow field in fluid coupling is very represen-
tative. The rotor and stator impellers comprised the enclosed
fluid chamber, also involved in rotor-stator interaction. The
chamber could be partially filled during operation. A number
of literatures had demonstrated how complex and unsteady
the flow was in fluid coupling (see, for example, McKinnon
et al. [1] and Hampel et al. [2, 3]). Actually, there were

unsteady and turbulent flows with intense secondary flows in
the chamber, which were very difficult to calculate because of
the lack of understanding of unsteady turbulent flows. In this
study, a numerical investigation was presented using large
eddy simulation (LES) to study the flow circulation during
energy transmission and predict the external performances.
Bai et al. utilized standard 𝑘-𝜀 turbulence model as closure
of Reynolds averaged Navier-Stokes (RANS) equations to
simulated fluid flow in fluid coupling [4]. Huitenga andMitra
developed a code in the body-fitted rotating coordinates to
solve RANS equations with 𝑘-𝜀 turbulence model [5, 6]. Luo
et al. employed SIMPLEC algorithm and SST 𝑘-𝜔 turbulence
model to simulate the steady state flows [7]. They also used
PISO algorithm and RNG 𝑘-𝜔 turbulence model to calculate
the gas-liquid two-phase flows in fluid coupling [8]. Hur et
al. applied the realizable 𝑘-𝜀 turbulence model together with
the VOF method to investigate two-phase flow of water fluid
coupling [9]. Obviously, the RANS method was dominant.
However, it was well known that this method had theoretical
defects, such as the overprediction of viscosity and the failure
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of describing the dynamic pressure fluctuation.Those defects
definitely resulted in prediction errors both in fluid flow and
in external performances.

Compared with RANS, LES had essentially theoretical
advantage, which directly resolved large-scale eddies. It also
could alleviate the serious area of modeling uncertainty and
was much less model dependent than RANS. LES had been
successfully applied in many industrial flows, either in com-
pressible flow, such as compressors [10] and gas turbine [11],
or in incompressible flow, such as Francis turbine [12]. Basi-
cally, those publications proved that LES was more accurate
in flow calculation. Hence, the motivation of present study
came from the current situation of turbulencemodels applied
in computation of fluid coupling which were relatively back-
ward. In this paper, a simplified hydraulic coupling, removing
the inlet and outlet, was chosen to carry out the investigation.
By using LES, the study aimed to advance description ability
of internal flow, especially unsteady flow phenomena. LES
simulation results were verified by experimental data. More-
over, the performance prediction was improved. It should
be noted that accurate prediction has significant value. And
the accuracy was good enough, which would reach a level
permitting design solely from computational results instead
of experiments.

2. Numerical Simulation

2.1. SGS Models. The filtering governing equations for fluid
coupling simulations can be written as in the following form:

𝜕𝑢𝑖𝜕𝑥𝑖 = 0, (1)

𝜕𝑢𝑖𝜕𝑡 +
𝜕 (𝑢𝑖 𝑢𝑗)𝜕𝑥𝑗 = −1𝜌 𝜕𝑝𝜕𝑥𝑖 + 𝜇

𝜕2𝑢𝑖𝜕𝑥𝑗2 −
𝜕𝜏𝑖𝑗𝜕𝑥𝑗 . (2)

The equations are unclosed because of the introduction of𝜏𝑖𝑗 and require closure by structuring the model. The SGS
stress tensor in LES is formulated using the concept of eddy
viscosity.

𝜏𝑖𝑗 − 13𝛿𝑖𝑗𝜏𝑘𝑘 = −2𝜇𝑡𝑆𝑖𝑗, (3)

𝑆𝑖𝑗 = 12 ( 𝜕𝑢𝑖𝜕𝑥𝑗 +
𝜕𝑢𝑗𝜕𝑥𝑖 ) . (4)

The eddy viscosity 𝜇𝑡, which can be obtained from the SGS
model in (3), represents the SGS eddy viscosity.Thus, (3) and
(4) and the specific SGS model lead to the closure of (2).

In LES, eddies in the turbulence are divided into large-
scale and small-scale eddies by the filtering way, which char-
acterize the vortex of energy and dissipation, respectively.
Afterwards, large eddies are resolved directly by the instan-
taneous Navier-Stokes equations, while the small eddies
are modeled by virtue of subgrid-scale (SGS) models. SGS
models including Smagorinsky-Lilly (SL) model, Dynamic
Smagorinsky-Lilly (DSL) model, Wall-Adapting Local Eddy
Viscosity (WALE) model, Algebraic Wall-Modeled LES

(WMLES) model, Algebraic WMLES 𝑆-Omega (WMLES𝑆-Ω) model, and Dynamic Kinetic Energy Transport (KET)
model were involved in this study, which were introduced in
Table 1.

2.2. Computational Setup and Solution. In this paper, three-
dimensional models of the hydraulic coupling are shown in
Figure 1(a).

The complex geometry of hydraulic elements was accu-
rately represented and the computationalmeshes were appro-
priately distributed with ANSYS ICEM to generate the struc-
tured hexahedral grid of the entire hydraulic coupling. The
intensive type grid was used to refine the boundary layer.
Mesh-point clustering was performed near the boundary
layer and cell deformity was checkedwith ANSYS ICEM. Fig-
ure 1(b) shows the generation process of the structured grid
of the entire passage. The detailed properties of CFD model
were summarized in Table 2. Furthermore, the dependence
on grid was tested by High Performance Computer (HPC)
(2.60GHz, 8× 2CPU) under different grid numbers based on
the pump rotational speed of 600 rpm.The calculation results
are shown in Figure 1(c).

3. Internal Fluid Flow

3.1. Reynolds Number Configuration. Reynolds number (Re)
was introduced to evaluate the flow condition. It was defined
as the ratio of inertia force to viscous force:

Re = 𝜌V𝐿𝜇 , (5)

where 𝐿was the characteristic length and could be calculated
as

𝐿 = 4𝐴𝑝 , (6)

where𝐴was the sectional area for the flow passage; 𝑝was the
wetted perimeter length.

Three annular sections perpendicular to the interface
along the radial direction were equally extracted out for
appropriately studying the flow conditions. Figure 2 describes
the distributions of Re for three axial sections in different
turbulence models and R85, R120, and R155, respectively,
represented different positions. The position was a ring
surface in the annular sections and its radius was𝑅.The value
of 𝑅 was 85mm, 120mm, and 155mm, respectively.

Re ranged from 0 and 60000, suggesting that the flow
within the turbine was mainly in a sufficient turbulent flow
conditions. WALE and WMLES models allowed the locally
larger Re values at R120 and R155 and the corresponding
gradient change was distorted according to the working
principle of hydraulic coupling.The flow at the outer ring was
more intense and corresponding gradient changes were more
obvious. However, WALE and WMLES provided a relatively
large Re values in the near-wall region and laminar flows
were transited into turbulence earlier. Although WMLES𝑆-Ω, compared with WALE andWMLES, had the smaller Re
values in the near-wall region, the Re value in themainstream
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Table 1: The equations of the six SGS models.

SGS models Equations Note

SL [13, 14]

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗𝐿 s = min (𝜅𝑑, 𝐶sΔ)Δ = 𝑉1/3𝜇𝑡 = 𝜌𝐿2s 𝑆

𝐿 s is the mixing length for subgrid scales;𝜅 is the von Kármán constant; 𝑑 is the
distance to the closest wall; 𝐶s is the

Smagorinsky constant, 0.1; Δ is the local
grid scale.

DSL [15, 16]

𝐿 𝑖𝑗 = 𝑇𝑖𝑗 − 𝜏𝑖𝑗 = 𝜌�̃�𝑖�̃�𝑗 − 1̂
𝜌 (𝜌�̃�𝑖 𝜌�̃�𝑗)

𝜏𝑖𝑗 = −2𝐶𝜌Δ2 𝑆 (𝑆𝑖𝑗 − 13𝑆𝑘𝑘𝛿𝑖𝑗)
𝑇𝑖𝑗 = −2𝐶�̂�Δ̂2 ̂̃𝑆 (̂̃𝑆𝑖𝑗 − 13 ̂̃𝑆𝑘𝑘𝛿𝑖𝑗)

𝐶𝐷𝑀𝑖𝑗 = 𝐿 𝑖𝑗 − 13𝐿𝑘𝑘𝛿𝑖𝑗𝑀𝑖𝑗 = −2 (Δ̂2�̂� �̂� ̂̃𝑆𝑖𝑗 − Δ2𝜌𝑆 𝑆𝑖𝑗)

The new filter width Δ̂ is equal to two
times the grid filter width Δ; 𝑇𝑖𝑗 is the

SGS stress tensor with Δ̂; 𝐿 𝑖𝑗 is the added
value of SGS stress tensor with two times
consecutive filtering compared to the

filtering only with Δ̂.

WALE [14, 16–18]

𝜇𝑡 = 𝜌𝐿2s (𝑆𝑑𝑖𝑗𝑆𝑑𝑖𝑗)3/2
(𝑆𝑖𝑗𝑆𝑖𝑗)5/2 + (𝑆𝑑𝑖𝑗𝑆𝑑𝑖𝑗)5/4𝐿 s = min (𝜅𝑑, 𝐶𝑤𝑉1/3)

𝑆𝑑𝑖𝑗 = 12 (𝑔2𝑖𝑗 + 𝑔2𝑗𝑖) − 13𝛿𝑖𝑗𝑔2𝑘𝑘,
𝑔𝑖𝑗 = 𝜕𝑢𝑖𝜕𝑥𝑗

𝐶𝑤 = 0.325.

WMLES [19, 20]
]𝑡 = min [(𝜅𝑑𝑤)2 , (𝐶smagΔ)2] ⋅ 𝑆 ⋅ {1 − exp[−(𝑦+25 )

3]}
Δ = min (max (𝐶𝑤 ⋅ 𝑑𝑤; 𝐶𝑤 ⋅ ℎmax, ℎwn) ; ℎmax)

𝑑𝑤 is the wall distance; 𝑆 is the strain rate;𝜅 = 0.41, 𝐶𝑤 = 0.15, and 𝐶smag = 0.2 are
constants; 𝑦+ is the normal to the wall
inner scaling. ℎmax is the maximum edge
length for a rectilinear hexahedral cell;ℎwn is the wall-normal grid spacing.

WMLES 𝑆-Ω 𝜇𝑡 = (𝐶Δ)2 |𝑆 − Ω|{1 − exp[−(𝑦+25 )
3]}

KET [14, 21]

𝑘sgs = 12 (𝑢2𝑘 − 𝑢2𝑘)𝜇𝑡 = 𝐶𝑘𝜌𝑘1/2sgsΔ𝑓
𝜌𝜕𝑘sgs𝜕𝑡 + 𝜌𝜕𝑢𝑗𝑘sgs𝜕𝑥𝑗 = −𝜏𝑖𝑗 𝜕𝑢𝑖𝜕𝑥𝑗 − 𝐶𝜀𝜌

𝑘3/2sgsΔ𝑓 +
𝜕𝜕𝑥𝑗 (

𝑢𝑡𝜎𝑘
𝜕𝑘sgs𝜕𝑥𝑗 )

𝜏𝑖𝑗 − 23𝜌𝑘sgs𝛿𝑖𝑗 = −2𝐶𝑘𝜌𝑘1/2sgsΔ𝑓𝑆𝑖𝑗

𝐶𝑘 is model coefficient; 𝐾sgs is the
subgrid-scale kinetic energy. 𝜇𝑡 is the
subgrid-scale eddy viscosity; Δ𝑓 is the

filter size computed from Δ𝑓 = 𝑉1/3. 𝜎𝑘 is
1.0.

Table 2: CFD model description.

Analysis type Transient state

Subgrid-scale models SL, DSL, WALE, WMLES,
WMLES 𝑆-Ω, and KET

Pressure-velocity coupling SIMPLEC
Transient formulation Second-order implicit
Momentum Bounded central differencing

Pump status Varied from 200 rpm to
600 rpm

Turbine status Stationary
Viscosity and density 0.0258 Pa⋅s, 860 kg/m3

was larger than that in other models. SL, DSL, and KET could
simulate a relatively small Re values in the near-wall region
and a relatively moderate Re values in the mainstream.

3.2. Vorticity Distribution. Vorticitywas a physical parameter
to indicate the vortex motion and represent the energy
transportation process. The generation of vortex was caused
by the velocity gradient in the flow field. Its development,
diffusion, and decline were caused by the viscous interaction
in the flow field. The value of vorticity was two times that of
the rigid rotation angular velocity of fluid micelle.

Figure 3 shows the vorticity distribution patterns of the
mid chord R120 in the flow field obtained with all subgrid-
scale models. The large vorticity values were concentrated in
the near-wall area in the turbine blade and the low vorticity
valueswere concentrated inmiddle cascade area, especially in
the pump wheel. The vorticity ranged from 0 to 4600 1/s2. In
the braking process, the pump impeller stirred oil to convert
the mechanical energy into kinetic energy of working oil.
Then the oil flowed into the turbines and impacted the turbine
blades, thus producing strong relative effects between the
oil and the turbine blade surface. Then a large number of
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Figure 1: Hydraulic coupling. (a) 3D model; (b) grid layout; (c) grid independence test conditions.

vortexes were generated. In the SL model, vortexes formed
inside the turbine were scattered and the vortex distribution
near the wall was thin. In DSL, the adopted dynamic change𝐶𝑑 led to ample and continuous vorticity in turbine, which
could improve the capture ability of vortex effectively. High
vorticity value distribution of WALE was scattered and the
predicted value ofWALEwas larger than that of othermodels.
The remaining three SGS models could well capture the
abundant structure of vorticity distribution, and the vorticity
in the turbine also showed the continuous distribution. In
conclusion, in the large eddy simulation, WMLES, WMLES𝑆-Ω, and KET models showed more advantages in analyzing

the vorticity distribution in the flow field and the distribution
structures were abundant and continuous.

3.3. Changes in Rothalpy. Figure 4 describes the changes of
Rothalpy from the inlet to the outlet on the nodal surface of
turbine under different subgrid models.The nondimensional
distance 𝑥 could be defined as

𝑥 = 𝑆𝐿 . (7)

𝐿 was the length of flow streamline on turbine’s surface.
If a point cut the flow streamline into two segments, then



International Journal of Rotating Machinery 5

SL WALE

WMLES S-Ω KET

DSL

Re

R85

R120

R155

R85

R120

R155R155

R120

R85

R155

R120

R85

R155

R120

R85

R155

R120

R85

WMLES

0

6000

12000

18000

24000

30000

36000

42000

48000

54000

60000

Figure 2: Re distribution on radial sections.

the part approaching the turbine’s inlet was marked as part
one. 𝑆 was the length of part one. “0” and “1” represented,
respectively, the locations of inlet and outlet of turbine. The𝑥 coordinates of A, B, C, and D point were 0.04, 0.60, 0.73,
and 0.96, respectively. “A” and “B” in Figure 4 represent
the leading and trailing edges, respectively. On the whole,
Rothalpy value was decreased gradually with the increase in
dimensionless distance, suggesting that the hydraulic loss was
generated when oil impacted the turbine blades. In Figure 4,
Point A shows that the oil flowed from the nonblade area
into the blade edge.Rothalpywas reduced because the leading
edge of blades hampered the working oil from flowing into
the turbine. Correspondingly, hydraulic loss behind Point B
referred to the diffusion loss generated when oil flowed into
the nonblade area. Additionally, the regional largest changes
of Rothalpy appeared in Points C and D.

Among various models, the SL model allowed the largest
change of Rothalpy, 31.4%; WMLES and WALE provided
almost the consistent change, 28.7%; WMLES 𝑆-Ω gave the
change of 26.3%. The changes in the results of DSL and
KET were the smallest, 24.9%. The phenomenon could be
interpreted as follows: Rothalpy reflected the interaction
strength between oil and the blades to a certain extent,
indicating that the more intense interactions and viscosity
dissipation led to the more obvious Rothalpy changes and the
larger brake torque. These tendencies were consistent with
that of the predicted braking torque obtained with various
models.

4. Flow Mechanism Analysis

𝑄-Criterion was introduced to capture the vortex structure
in the flow field. The 𝑄-Criterion was defined as the second
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Figure 3: Vorticity distribution for different subgrid models.

invariant of the velocity gradient tensor.Under the hypothesis
of incompressible flow, 𝑄 could be written as

𝑄 = 12 (‖Ω‖2 − ‖𝑆‖2) . (8)

‖‖ represented the 2-norm of tensor, where 𝑆 and Ω were
the symmetric and antisymmetric portions of the velocity
gradient tensor, respectively. The 𝑄 value showed the degree
that the rotational rate ‖Ω‖2 overcame the strain rate ‖𝑆‖2;
therefore, positive 𝑄 value corresponded to dominant eddy.

As a comparison, the vortex structures of the SAS and
RKE, and SSTKWmodels were also calculated and presented
to highlight the ability of capturing the vortex structures for
those SGS models. Figure 5 reveals the ability to capture
the vortex structures for SGS models within the turbine
under 𝑄 = 8.7 × 105 1/s2. Because the effect of all turbulent
eddies was mimicked in the turbulence model of RANS, the
effect of most turbulence eddies was directly simulated in
the LES. It was evident that those SGS captured more vortex
structures than SAS and RANS.Meanwhile, SAS and SSTKW
provided the higher value of eddy viscosity ratio than SGS.
Among the SGS models, DSL and WMLES 𝑆-Ω captured
the most abundant vortex structures, followed by KET. SL
provided a relatively larger eddy viscosity compared to other
SGS models, followed by WMLES and WALE. WMLES 𝑆-Ω
provided the smallest eddy viscosity. As a result, DSL and
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Figure 4: Changes in Rothalpy for different subgrid models.

KET captured abundant vortex structures and provided a
relatively moderate eddy viscosity.
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Figure 5: Vortex structures within turbine.

Figure 6 shows the vortex structures as a whole from front
view of pump. The vortexes were concentrated in the region
which was from the hub to the one-third blade height, where
the kinetic energy of fluid transmission took place under
600 rpm. If the engineer wanted to advance the performance
through flow field control, boundary control, just like the
work in [5, 6], the position obtained could be significant,
which inspired directly and avoided the attempts.Themodels
all gave rich vortexes and were hardly told the differences
through qualitative analysis, except SSTKW, RKE, and SAS.

Figure 7 shows the vortex structures in interior of the
pump and turbine. Thus we found that there were several
eddy structures along the wall of flow field, and it was diverse
under different models. Fluid impacted on the impeller
directly, so there was a linear flow eddy in the blade of the
pump and turbine. Linear flow was divided into two sections,

namely, the straight flow near the upper portion of the outer
ring and the high-speed linear flow in the foot of the inner
ring.

5. Performance Prediction and Verification

The comparison between the experimental and simulated
results is plotted in Figure 8(a). To facilitate the comparison
of the prediction ability of braking performance of hydraulic
coupling among various models, we introduced the braking
torque error defined as

𝐸𝑆 =
𝑇𝐸 − 𝑇𝑆𝑇𝐸 × 100%, (9)

where 𝑇𝐸 was the experimental torque value; 𝑇𝑆 represented
the torque value of simulation prediction;𝐸𝑆 was the absolute
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error of braking torque prediction. Figure 8(b) shows the
prediction errors of each subgrid-scale model. The errors of
DSL and KET were less than 5% under low speed, and the
DSL was lower, but the error of SL was the highest. Except the
SL, all the models provided the errors below 4% under high
speed.Moreover, with the increase in the speed, except the SL,
all the models allowed the decreasing errors below 5%. The
results were compared with the previous researchers: in the
study of Sun et al. [22], with the standard 𝑘-𝜀model, the error
was within 7.5%∼15%. Fortunately, a lower error was acquired
in He et al.’s research [23], and the error was close to but more
than 6%under the pump rotational speed of 600 rpmbyusing
standard 𝑘-𝜀 model. However, in the research of Song et al.
[24], the error was just less than 10% with the realizable 𝑘-𝜀
model.The results of these explained that the error of subgrid
model wasmore accurate than the former researcher’s model.

Therefore, at the low speed, due to the influences of other
factors in the flow field, the weak centrifugal force, and the
insufficient flow, the predicted values were relatively large.
With the increase in the rotating speed, the proportion of
the centrifugal force increased and the flow developed fully.
Therefore, other factors could be ignored and the prediction
condition was closer to the ideal condition. In conclusion,

at low speed, the higher order of DSL and KET subgrid-
scale models was more advantageous to the performance
prediction. Except the SL one, the other models showed the
consistent prediction abilities for the performance at high
speed.

Furthermore, the SAS and RKE, and SSTKW models
were also calculated. SAS was a new class of URANS models
which had been developed that could provide a LES-like
behavior in unsteady flow regions. Meanwhile, they were
more compatible with LES formulations than standard RANS
models. RKE and SSTKW were typical RANS models. As
shown in Figure 8(b), the error of those three is larger than
that of the LES subgrid-scale models.The results showed that
prediction accuracy of LES was higher than RANS and SAS.

Within the boundary layer, the velocity near the wall
compared to the free flow speed would be decreased to zero
quickly. Therefore, the velocity gradient was large. Especially
in the viscous sublayer, the viscosity played the main role.
With the increase of the distance to the wall, the velocity
gradient decreased. Meanwhile, the viscosity effect reduced,
but the inertia effect increased, and the flow finally developed
into the full turbulence. Therefore, the interpretation of
boundary layer transition was an important standard of a
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turbulence model.The reasons for improvement were mainly
including their capacity of treatment for near-wall with fine
grid. The near-wall treatments consisted of applying wall
functions and resolving the viscous sublayer. Within the
boundary layers, the most important region was the viscous
sublayer, immediately adjacent to the wall and the log law
region, slightly further away from the wall. Usually the near-
wall mesh should be fine enough to be able to resolve the
viscous sublayer, typically with the first near-wall node placed
at. In this case, the SGS models could resolve effectively the
viscous sublayer.

Figure 9 shows the analytical ability to the boundary
layer of various grids models in the turbine pressure surface,
where the RANS and SAS fail to get the data. DSL, WMLES,
WMLES 𝑆-Ω, and KET could solve the viscous sublayer
well. In addition, the interpretations of DSL and KET in the
viscous sublayer were richer, especially at 𝑦+ ≈ 1. The results
indicated that the dynamic stress solution of subgrid-scale
model in the viscous sublayer was more advantageous. The
locations of the transition layer in six models were similar.
In other locations, according to the comparison results of
the 𝑢+ value under the same value of 𝑦+ of various models,
the WMLES allowed the largest predicted value and the SL
allowed the smallest predicted value. With the increase of 𝑦+

value, the 𝑢+ values of six models tended to be consistent
because the𝑁-𝑆 equationswere adopted to solve the transient
in the mainstream zone.

In conclusion, DSL and KET performed better than other
models in solving the boundary layer. Moreover, DSL and
KET allowed the better predicted value of the braking torque
of the hydraulic coupling under low speed conditions.

6. Conclusions

In order to study different ability of six subgrid-scale models
to predict the flow field and performance of a fluid coupling,
some studies, such as Re distribution, vorticity distribution,
changes in Rothalpy, flow mechanism analysis, the error
of braking torque prediction, and analytical ability to the
boundary layer, had been conducted. Some conclusions had
been drawn.

In the descriptions of the Re distribution, SL, DSL, and
KET could simulate a relatively small Re values in the near-
wall region and a relatively moderate Re values in the main-
stream. In conclusion, in the large eddy simulation, WMLES,
WMLES 𝑆-Ω, and KET models showed more advantages
in analyzing the vorticity distribution in the flow field and
the distribution structures were abundant and continuous.
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To some degree, Rothalpy changes reflected the strength of
the interaction between oil and blade surface. The more
intense interaction and the more viscosity dissipation meant
the more obvious Rothalpy changes. Correspondingly, brake
torque also was greater.

As we all know, the effect of all turbulent eddies was
mimicked in the turbulence model of RANS, but the effect of
most turbulence eddies was directly simulated in the LES. As
a result, DSL and KET captured abundant vortex structures
and provided a relatively moderate eddy viscosity within
turbine.When the vortex structures as a whole were observed
from front view of pump, the vortexes were concentrated in
the region which was from the hub to the one-third blade
height, where the kinetic energy of fluid transmission took
place under 600 rpm. The models all gave rich vortexes and
were hardly told the differences through qualitative analysis,
except SSTKW, RS, and SAS. Because fluid impacted on the
impeller directly, a linear flow eddy appeared in the blade of
the pump and turbine.

In the prediction of braking torque, DSL andKET showed
the smallest errors (less than 5%) at low speed, while the
errors of other models were more than 5.6%. With the
increase in rotational speed, the prediction errors of all the
subgrid-scale models except SL model gradually maintained
at 4%. DSL, WMLES, WMLES 𝑆-Ω, and KET may solve the
viscous sublayer well. In addition, the interpretations of DSL
and KET in the viscous sublayer were richer, especially at𝑦+ ≈ 1. It meant that DSL and KET performed better than
other models in solving the boundary layer. It led to the
smallest errors showed by DSL and KET. Moreover, RKE,
SSTKW, and SAS were also calculated. These results showed
that SGS models were more accurate by contrast. Moreover,
the predicted results of DSL and KET were far more accurate
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than the former study.Therefore, in the prediction of braking
torque, we could choose DSL or KET subgrid-scale model to
obtain the predicted results.

In conclusion, the six SGS models, especially DSL and
KET, were applicable to obtain the more accurate predicted
results and depict the flow field. The study not only provided
the detailed study method for the application of large eddy
simulation in hydraulic coupling, but also proposed many
opinions on the model selection.
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modelling of liquid homogenization in stirred tanks with one
and two impellers using large eddy simulation,” Chemical
Engineering Research and Design, vol. 85, no. 5 A, pp. 616–625,
2007.

[16] Z. Li, G. Song, Y. Bao, and Z. Gao, “Stereo-PIV experiments
and large eddy simulations of flow fields in stirred tanks with
Rushton and curved-Blade turbines,”AIChE Journal, vol. 59, no.
10, pp. 3986–4003, 2013.

[17] G. Lodato, L. Vervisch, and P. Domingo, “A compressible wall-
adapting similarity mixed model for large-eddy simulation of
the impinging round jet,” Physics of Fluids, vol. 21, no. 3, Article
ID 035102, 2009.

[18] B. Ji, X.-W. Luo, X.-X. Peng, and Y.-L. Wu, “Three-dimensional
large eddy simulation and vorticity analysis of unsteady cavitat-
ing flow around a twisted hydrofoil,” Journal of Hydrodynamics,
vol. 25, no. 4, pp. 510–519, 2013.

[19] R. Menter Florian, Turbulence Modeling for Engineering Flows,
Ansys Inc, 2011.

[20] S. Patil and D. Tafti, “Large-eddy simulation with zonal near
wall treatment of flow and heat transfer in a ribbed duct for the
internal cooling of turbine blades,” Journal of Turbomachinery,
vol. 135, no. 3, Article ID 031006, 2013.

[21] M. Ricci, L. Patruno, S. de Miranda, and F. Ubertini, “Effects of
low incoming turbulence on the flow around a 5:1 rectangular
cylinder at non-null-attack angle,” Mathematical Problems in
Engineering, vol. 2016, Article ID 2302340, 12 pages, 2016.

[22] Z. Sun, J. Chew, N. Fomison, and D. Edwards, “Analysis of fluid
flow and heat transfer in industrial fluid couplings,” Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, vol. 223, no. 9, pp. 2049–2062,
2009.

[23] Y. He, W. Ma, and C. Liu, “Numerical simulation and charac-
teristic calculation of hydrodynamic coupling,” Transactions of
the Chinese Society of Agricultural Machinery, vol. 40, no. 5, pp.
24–28, 2009.

[24] B. Song, J. Lv, S. Guo, X. Zhang, and F. Kong, “Simulation and
characteristic analysis on flow field of fluid couplings during
braking,” Machine Design & Research, vol. 27, no. 1, pp. 26–30,
2011.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


