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Abstract

The labyrinth seal in turbomachinery is a key element that restricts leakage flow among rotor-stator clearances from
high-pressure regions to low-pressure regions. The fluid-induced forces on the rotor from seals during machine opera-
tion must be accurately quantified to predict their dynamic behavior effectively. To understand the fluid-induced
force characteristics of the labyrinth seal more fully, the effects of four types of pre-swirls on the leakage, flow field,
and fluid-induced force of a rotary straight-through labyrinth gas seal (RSTLGS) were numerically investigated using
the proposed steady computational fluid dynamics (CFD) method based on the three-dimensional models of the
RSTLGS. The leakage, flow field, and fluid-induced force of the RSTLGS for six axial pre-swirl velocities, four radial pre-
swirl angles, four circumferential positive pre-swirl angles, and four circumferential negative pre-swirl angles were
computed under the same geometrical parameters and operational conditions. Mesh analysis ensures the accuracy
of the present steady CFD method. The numerical results show that the four types of pre-swirls influence the leakage,
flow field, and fluid-induced force of the RSTLGS. The axial pre-swirl velocity remarkably inhibits the fluid-induced
force, and the circumferential positive pre-swirl angle and circumferential negative pre-swirl angle remarkably pro-
mote the fluid-induced force. The effects of the radial pre-swirl angle on the fluid-induced force are complicated, and
the pressure forces and viscous forces show the maximum or minimum values at a specific radial pre-swirl angle. The
pre-swirl has a negligible impact on the leakage. The four types of pre-swirls affect the leakage, flow field, and fluid-
induced force of the RSTLGS to varying degrees. The pre-swirl is the influence factor affecting the leakage, flow field,
and fluid-induced force of the RSTLGS. The conclusions will help to understand the fluid-induced force of labyrinth
seals more fully, by providing helpful suggestions for engineering practices and a theoretical basis to analyze the
fluid—structure interaction of the seal-rotor system in future research.
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1 Introduction

Turbomachineries contain numerous labyrinth seals
operating within close proximity to rotating parts, for
preventing flow recirculation in the compressor and tur-
bine stages, to meter cooling air to various parts of the
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engine, and to ensure that the main flow does not enter
into the rotor bearing cavities [1-3]. The major advan-
tages of the labyrinth seal are simplicity, reliability, and
tolerance to large thermal and pressure variations, and it
is unlikely to be replaced in the future [4—6]. The fluid—
structure interaction of the seal-rotor system can result
in self-excited shaft vibrations of the turbomachinery;
often the amplitude of the vibrations becomes unaccept-
ably high and the scheduled power or running speed can-
not be achieved [7]. One of the most important sources
of excitation is the flow through the labyrinth seal, which
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has been an engine development problem since the 1960s
[8, 9], and the first comprehensive study in this regard
was proposed by Alford [10]. Although the main func-
tion of the labyrinth seal is to control leakage, the fluid—
structure interaction between the rotor and seal stator
components directly affects rotor vibration and stability
[11]. As these seal forces can stabilize or destabilize the
rotor system and affect the vibration response of modern
turbomachinery, they must be controlled to ensure that
the rotor system of the turbomachinery remains stable
throughout its operational duration [12]. In response to
the constantly increasing demands for aggressive power
output, efficiency, and operational life, turbomachinery is
being designed to operate at higher temperature, higher
pressure, and higher rotational speed [13]. Consequently,
there is a need to study the fluid-induced force of the lab-
yrinth seal.

To understand the flow characteristics of the labyrinth
seal more fully, and to improve the design performance
in labyrinth seals, three methods are mostly used in the
available publications: experimental [14—16], math-
ematical computation [17-19], and numerical simula-
tion [20-25]. Computational fluid dynamics (CFD) is an
established industrial design tool that helps to reduce
design time scales and improve processes throughout
the engineering world. CED provides a cost-effective and
accurate alternative to scale model testing, where vari-
ations on the simulation are performed quickly, which
offers evident advantages. With the CFD program, the
numerical simulation method has been used to study the
leakage flow and rotordynamic characteristics of laby-
rinth seals by Moore [20], Hirano et al. [21], Pugachev
et al. [22], and Subramanian et al. [24].

Although many studies have been conducted to inves-
tigate the rotordynamic coefficients of the labyrinth seal,
the fluid-induced force of the labyrinth seal is not fully
understood. For example, the effects of the pre-swirl
on the fluid-induced force and the corresponding dis-
ciplines must be further studied [26-28]. To obtain a
more detailed insight into the fluid-induced force of the
labyrinth seal, the present study applies the steady CFD
method based on the three-dimensional model of the
rotary straight-through labyrinth gas seal (RSTLGS).
To investigate the effects of four types of pre-swirls,
the leakage, flow field, and fluid-induced force of the
RSTLGS are computed for six axial pre-swirl velocities,
four radial pre-swirl angles, four circumferential posi-
tive pre-swirl angles, and four circumferential negative
pre-swirl angles under the same geometrical parameters
and operational conditions. The primary objective of this
work is numerical investigation of the effects of the four
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types of pre-swirls on the leakage, flow field, and fluid-
induced force of the RSTLGS.

2 Governing Equations

CED is a computer-based tool for simulating the behavior
of systems involving fluid flow, heat transfer, and other
related physical processes. It solves the equations of
fluid flow over a region of interest, with specified condi-
tions on the boundary of that region. The equations that
describe the processes of momentum, heat, and mass
transfer are known as the Navier—Stokes equations. Vari-
ous solution methods are used in CFD codes. The most
common method, and the one on which the software
CFX is based, is known as the finite volume technique.

The equations of mass, momentum, and energy solved
using ANSYS CFX are the unsteady Navier—Stokes equa-
tions in their conservation form. The Navier—Stokes
equations describe both laminar and turbulent flows
without the need for additional information. Turbu-
lence consists of fluctuations in the flow field in time and
space. It is a complex process, mainly because it is three-
dimensional, unsteady, and consists of many scales. It can
have a significant effect on the characteristics of the flow.
Turbulence occurs when the inertial forces in the fluid
become significant compared with viscous forces, and is
characterized by a high Reynolds number.

To predict the effects of turbulence, numerous CFD
studies have focused on the use of turbulence models.
Turbulence models have been specifically developed to
account for the effects of turbulence without recourse
to a prohibitively fine mesh and direct numerical simu-
lation. In general, turbulence models seek to modify the
original unsteady Navier—Stokes equations by introduc-
ing averaged and fluctuating quantities to produce the
Reynolds-averaged Navier—Stokes (RANS) equations.
The RANS equations of mass, momentum, and energy
conservation can be expressed as follows [29]:

The continuity equation:

0
P v (o) =o0. (1)
ot
The momentum equations:

I(pU)
ot

+V~(pLI®L[):V'{r—pu®u}+SM.
2)

The Reynolds-averaged energy equation:

d(ph 0
% _P Ly, (pUhyor)
; ey 3)

—v. (/IVI — puhm) FV-U-1)+ Sk



Wang and He Chin. J. Mech. Eng. (2019) 32:56

Here, 7 is the molecular stress tensor, /,,, is the mean
total enthalpy, S, is the momentum source and S; is the
energy source. The term pu ® u indicates the Reynolds
stresses and the term pukig, is the Reynolds flux. The
term V - (U - 7) represents the work owing to viscous
stresses and is called the viscous work term.

Simulation of the RANS equations considerably
reduces the computational effort compared with a
direct numerical simulation, and is generally adopted
for practical engineering calculations. The Reynolds
stresses must be modeled using additional equations
of known quantities to close the system according to
the type of turbulence model. Turbulence models close
the Reynolds-averaged equations by providing mod-
els for the computation of the Reynolds stresses and
Reynolds fluxes. CFX models can be broadly divided
into two classes: eddy viscosity models and Reynolds
stress models. In this work, the shear stress transport
(SST) model in ANSYS CFX 17.0 is chosen to simulate
the fluid flow in the seal. The SST model accounts for
the transport of the turbulent shear stress and provides
highly accurate predictions of the onset and amount of
flow separation under adverse pressure gradients.

3 Numerical Calculation Method
3.1 Numerical Computational Model
According to the conventional straight-through labyrinth
seal, the geometry of the RSTLGS is shown in Figure 1.
Table 1 provides the detailed geometrical parameters
and operational conditions for the steady CFD analyses.
Figure 2 shows the computational model and mesh
of the RSTLGS. As the geometry of the RSTLGS is non-
axisymmetric and the circumferential fluid-induced forces
in the whirling RSTLGS are nonuniform, a three-dimen-
sional computational model with eccentricity is required
to obtain the flow characteristics using the steady CFD. In
this work, the commercial software ANSYS DesignMod-
eler 17.0 and ANSYS ICEM CEFD 17.0 are used to generate
the three-dimensional computational model and unstruc-
tured mesh for the calculations, respectively.

3.2 Numerical Computational Parameters

In this work, the flow field and fluid-induced force were
numerically predicted for the RSTLGS using the steady
CFD method based on three-dimensional models. The
present steady CFD analyses were conducted using the
commercial software ANSYS-CFX 17.0 to solve the
RANS equations. Table 2 lists the detailed numerical
approaches and parameters used for the steady CFD anal-
yses. The SST model was applied to model the turbulence
characteristics of the flow. The high-resolution scheme
was applied as the advection scheme and for turbulence
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Figure 1 Geometry of the RSTLGS

Seal clearance

numerics. Based on the past CFD analyses and computa-
tional convergence [20-25], the flow regime (subsonic),
opening pressure (relative pressure), flow direction (nor-
mal to the boundary condition), and turbulence quanti-
ties (turbulence intensity =5%) were defined for the seal
inlet and outlet boundaries. The inlet pre-swirl velocity
was considered negligible.

To obtain the flow field and fluid-induced force of the
RSTLGS, the calculation with a whirling rotor is neces-
sary, where the rotor whirls and spins around the center
of the seal stator and rotor, respectively. In a stationary
frame of reference, the geometry of the rotor appears
to be moving, and hence, the moving grid and transient
analyses are necessary. However, in a rotating frame
of reference, the rotor remains fixed, and the analy-
sis becomes steady-state. Hence, the rotating reference
frame with o is selected in this work. In the rotating ref-
erence frame, it is assumed that the speeds of the seal
rotor and seal fluid are w, the axis of the rotating refer-
ence frame is the axis of the seal rotor, and the seal fluid
is eccentric.

3.3 Computational Mesh Analysis
To determine the necessary mesh density for predict-
ing the flow characteristics of the RSTLGS accurately, a
mesh analysis was performed. The geometrical parame-
ters and boundary conditions are shown in Tables 1 and
3, respectively. In the analysis, the inlet pressure and
outlet pressure were 1000000 and O Pa, respectively.
A total of 12 cases were selected and computed for 3
types of relevance centers (fine, medium, coarse) and 4
types of relevance (25, 50, 75, 100), as shown in Table 4.
According to the accuracy and speed of the calcula-
tions, the mesh in case 6 was selected for subsequent
computations of the RSTLGS. In case 6, there were
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Table 1 Geometrical dimensions and operation conditions  Table 3 Boundary conditions
Parameter Value Parameter Value
Seal length (m) 0.1 Inlet Total pressure (stable)
Seal inlet length (m) 0.02 Outlet Opening pressure and direction
Seal clearance (m) 0.0005 Seal wall No slip wall
Seal tooth height (m) 0.005 Rotor wall Angular velocity 500 rad/s
Seal tooth width (m) 0.002
Seal tooth pitch (m) 0.005
i 0.05 C . .
Rotor diameter (m) total pressure distributions on the rotor surface, pressure
Tooth number 7 . .
: - 00002 forces, and viscous forces. The pressure force and vis-
Ccer?molty (m)d g ‘ cous force are affected by the seal flow field on the rotor
Rotational speed w (rad/s) 200 surface. The pressure force results from the pressures on
Inlet pressure (Pa) 50000 .
the rotor surface. In this study, the pressure forces on the
Outlet pressure (Pa) 0

\\\\

Figure 2 Computational model and mesh of the RSTLGS

Table 2 Numerical computational parameters

Parameter Value

Solution type Steady

Fluid Airat 25 °C
Computational method Time marching method
Turbulence model Shear stress transport
Wall properties Adiabatic, smooth surface
Advection scheme High resolution

Turbulence numerics High resolution

Minimum number of iterations 1
Maximum number of iterations 400
Residual type RMS

Residual target 0.0001

2.5589%10° elements and 5.8281x10° nodes; the sizes
of the minimum element, maximum face element, and
maximum tetrahedron element were 2.2757 x 107° m,
2.2757 x 1073 m, and 4.5515 x 10~ m, respectively.

4 Analysis Method

In this work, the leakage, flow field, and fluid-induced
force of the RSTLGS are analyzed in terms of the leak-
age flow rates, velocity vectors, velocity streamlines,

rotor surface are composed of the radial pressure force,
axial pressure force, and total pressure force. The radial
pressure force results from the pressure components in
the X and Y directions; the axial pressure force results
from the pressure component in the Z direction; the total
pressure force is the sum of the pressure components in
the X, Y, and Z directions, all of which are numerically
calculated. The viscous force results from the shear forces
on the rotor surface. In this study, the viscous forces
on the rotor surface are composed of the radial viscous
force, axial viscous force, and total viscous force. The
radial viscous force includes the viscous force compo-
nents in the X and Y directions; the axial viscous force is
the viscous force component in the Z direction; the total
viscous force results from the viscous force components
in the X, Y, and Z directions, all of which are numerically
calculated.

To investigate the effects of four types of pre-swirls
on the leakage, flow field, and fluid-induced force of the
RSTLGS, in this work, the computations were performed
for six axial pre-swirl velocities, four radial pre-swirl
angles, four circumferential positive pre-swirl angles, and
four circumferential negative pre-swirl angles, as shown
in Table 5.

Figure 3 illustrate the four types of pre-swirls. The axial
pre-swirl signifies that the direction of the initial fluid
entering a seal is perpendicular to the inlet cross-section.
The radial pre-swirl signifies that the direction of the ini-
tial fluid entering a seal is along the radial direction of the
seal and is oblique to the inlet cross-section. The circum-
ferential pre-swirl signifies that the direction of the initial
fluid entering a seal is along the circumferential direc-
tion of the seal and is oblique to the inlet cross-section.
The circumferential positive pre-swirl indicates the ini-
tial fluid swirl in a direction identical to the rotor rota-
tion direction, and the circumferential negative pre-swirl
indicates the initial fluid swirl in a direction opposite to
the rotor rotation direction.
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Table 4 Computational mesh comparison
Case Relevance center Relevance Elements Nodes Leakage (kg/s) Computing
time (s)
1 Fine 100 8115473 1826912 0.042067 5021
2 Fine 75 5251659 1259816 0.04106 3223
3 Fine 50 3720923 935495 0.040115 1927
4 Fine 25 2920397 746032 0.040115 1861
5 Medium 100 3926473 841153 0.040633 2698
6 Medium 75 2558894 582811 0.039475 1576
7 Medium 50 1787700 418855 0.038905 1011
8 Medium 25 1322674 314406 0.038594 756
9 Coarse 100 1235191 260690 0.037593 951
10 Coarse 75 807851 179545 0.036591 538
11 Coarse 50 550481 127732 0.035812 352
12 Coarse 25 415661 96077 0.035899 282
Table 5 Pre-swirl parameters Based on the computation results, the change rates of
- - the leakage flow rates, pressure forces on the rotor surface,
Pre-swirl Velocity (m/s) Angle (°) .
and viscous forces on the rotor surface were calculated to
Axial 0,50, 100, 150, 200, 250 90 understand the effects of the four types of inlet pre-swirl
Radial 100 0,30,60,90  better. The change rate, which is the variation-to-initial-
Circumferential positive 100 0,30,60,90  value ratio of the leakage flow rates, pressure forces on
Circumferential negative 100 0,30,60,90  the rotor surface, and viscous forces on the rotor surface,

d

Figure 3 Four types of pre-swirls: a axial pre-swirl; b radial pre-swirl; ¢ circumferential positive pre-swirl; d circumferential negative pre-swirl
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Figure 4 Flow field at axial pre-swirl (100 m/s): a total pressure contours on the rotor surface; b velocity vectors; c velocity streamlines
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reflects the effects of the four types of inlet pre-swirl on the
leakage, flow field, and fluid-induced force.

5 Results and Discussion
5.1 Flow Field
To investigate the effects of the pre-swirl on the flow field
of the RSTLGS, the total pressure distributions on the
rotor surface, velocity vectors, and velocity streamlines
through the seal were computed.

Figure 4 shows the flow field at axial pre-swirl
(100 m/s), and Figure 4(a)—(c), respectively, show the total
pressure contours on the rotor surface, velocity vectors,

and velocity streamlines through the seal. As shown in
Figure 4(a), the pressure drop from the seal inlet to the
outlet is 50000 Pa, the seal inlets are high-pressure areas,
the seal outlets are low-pressure areas, the total pressure
of the seal cavities gradiently decreases through the seal,
and the total pressure contour distributions on the rotor
surface gradually change from axisymmetric to non-
axisymmetric through the seal. As shown in Figure 4(b)
and (c), the velocity vectors and the velocity streamlines
through the seal revolve around the rotor, those in the
grooves of the seal have secondary circulation flow, and
those in the outlet of the seal have eccentric circulation
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vortex. The flow field of the RSTLGS with the eccentric
flow rotates around the axis of the seal rotor and gener-
ates fluid-induced force.

5.2 Effects of the Axial Pre-swirl
To investigate the effects of the axial pre-swirl velocity on
the fluid-induced force of the RSTLGS, the leakage flow
rates, pressure forces, and viscous forces were computed
for six axial pre-swirl velocities.

Figure 5 illustrates the dependence of the leakage flow
rates for all six axial pre-swirl velocities. With increas-
ing axial pre-swirl velocity, the leakage flow rate first
decreases approximately 0.02% from 0.012485 kg/s at
0 m/s to 0.012482 kg/s at 100 m/s, and subsequently fluc-
tuates from 0.012482 kg/s at 100 m/s to 0.012483 kg/s at
250 m/s. Therefore, the leakage flow rate decreases and
then continues fluctuating with increasing axial pre-swirl
velocity.

Figure 6 illustrates the dependence of the pressure
forces on the rotor surface for all six axial pre-swirl
velocities. With increasing axial pre-swirl velocity, the
radial pressure force first increases approximately 1.61%
from 0.735399 N at 0 m/s to 0.747210 N at 50 m/s, subse-
quently decreases approximately 3.31% from 0.747210 N
at 50 m/s to 0.722497 N at 100 m/s, and then begins to
stabilize from 0.722497 N at 100 m/s to 0.721998 N
at 250 m/s; a peak at 50 m/s appears. With increas-
ing axial pre-swirl velocity, the axial pressure force first
decreases approximately 0.03% from 0.052541 N at
0 m/s to 0.052527 N at 100 m/s, subsequently increases
approximately 0.002% from 0.052527 N at 100 m/s to
0.052528 N at 250 m/s, and then begins to stabilize from
0.052528 N at 200 m/s to 0.052528 N at 250 m/s; a val-
ley at 100 m/s appears. With increasing axial pre-swirl
velocity, the total pressure force first increases approxi-
mately 1.60% from 0.737273 N at 0 m/s to 0.749055 N
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at 50 m/s, subsequently decreases approximately 3.29%
from 0.749055 N at 50 m/s to 0.724404 N at 100 m/s, and
then begins to stabilize from 0.724404 N at 100 m/s to
0.723906 N at 250 m/s; a peak at 50 m/s appears. There-
fore, the radial and total pressure forces first increase,
subsequently decrease, and then begin to stabilize with
increasing axial pre-swirl velocity; the axial pressure
force first decreases, and then begins to stabilize with
increasing axial pre-swirl velocity. The radial pressure
force is much larger than the axial pressure force, and
hence, the radial pressure force is the main component of
the total pressure force.

Figure 7 illustrates the dependence of the viscous forces
on the rotor surface for all six axial pre-swirl veloci-
ties. With increasing axial pre-swirl velocity, the radial
viscous force first increases approximately 1.25% from
0.012853 N at 0 m/s to 0.013014 N at 50 m/s and subse-
quently decreases approximately 0.81% from 0.013014 N
at 50 m/s to 0.012908 N at 250 m/s; a peak at 50 m/s
appears. With increasing axial pre-swirl velocity, the axial
viscous force first decreases approximately 0.04% from
0.656590 N at 0 m/s to 0.656320 N at 100 m/s and subse-
quently increases approximately 0.009% from 0.656320 N
at 100 m/s to 0.656380 N at 250 m/s; a valley at 100 m/s
appears. With increasing axial pre-swirl velocity, the total
viscous force first decreases approximately 0.04% from
0.656716 N at 0 m/s to 0.656448 N at 100 m/s and subse-
quently increases approximately 0.009% from 0.656448 N
at 100 m/s to 0.656507 N at 250 m/s; a valley at 100 m/s
appears. Therefore, the radial viscous force first increases
and subsequently decreases with increasing axial pre-
swirl velocity; the axial and total viscous forces first
decrease and subsequently increase with increasing
axial pre-swirl velocity. The radial viscous force is much
smaller than the axial viscous force, and hence, the axial
viscous force is the main component of the total viscous
force.

5.3 Effects of the Radial Pre-swirl

To investigate the effects of the radial pre-swirl angle on
the fluid-induced force of the RSTLGS, the leakage flow
rates, pressure forces, and viscous forces were computed
for four radial pre-swirl angles at a pre-swirl velocity
(100 m/s).

Figure 8 illustrates the dependence of the leakage flow
rates for all four radial pre-swirl angles. With increas-
ing radial pre-swirl angle, the leakage flow rate first
remains stable from 0.012484 kg/s at 0° to 0.012484 kg/s
at 30°, subsequently decreases approximately 0.02% from
0.012484 kg/s at 30° to 0.012482 kg/s at 60°, and then
remains stable from 0.012482 kg/s at 60° to 0.012482 kg/s
at 90°. Therefore, the leakage flow rate decreases with
increasing radial pre-swirl angle.
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Figure 9 illustrates the dependence of the pressure
forces on the rotor surface for all four radial pre-swirl
angles. With increasing radial pre-swirl angle, the
radial pressure force first increases by approximately
1.43% from 0.721157 N at 0° to 0.731446 N at 60°, and
subsequently decreases by approximately 1.22% from

0.731446 N at 60° to 0.722497 N at 90°; a peak at 60°
appears. With increasing radial pre-swirl angle, the
axial pressure force first increases by approximately
0.004% from 0.052537 N at 0° to 0.052539 N at 30°,
and subsequently decreases by approximately 0.02%
from 0.052539 N at 30° to 0.052527 N at 90°; a peak at
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Figure 8 Leakage flow rate versus radial pre-swirl angle

30° appears. With increasing radial pre-swirl angle, the
total pressure force first increases by approximately
1.42% from 0.723068 N at 0° to 0.733330 N at 60°, and
subsequently decreases by approximately 1.22% from
0.733330 N at 60° to 0.724404 N at 90°; a peak at 60°
appears. Therefore, the radial, axial, and total pressure
forces first increase and subsequently decrease with
increasing radial pre-swirl angle, and the pressure forces
show maximum values. The radial pressure force is much
larger than the axial pressure force, and hence, the radial
pressure force is the main component of the total pres-
sure force.

Figure 10 illustrates the dependence of the viscous
forces on the rotor surface for all four radial pre-swirl
angles. With increasing radial pre-swirl angle, the radial
viscous force first decreases by approximately 1.63% from
0.012811 N at 0° to 0.012602 N at 30°, and subsequently
increases by approximately 2.83% from 0.012602 N at
30° to 0.012959 N at 90°; a valley at 30° appears. With
increasing radial pre-swirl angle, the axial viscous force
first decreases by approximately 0.05% from 0.656510 N
at 0° to 0.656180 N at 60°, and subsequently increases
by approximately 0.02% from 0.656180 N at 60° to
0.656320 N at 90°; a valley at 30° appears. With increas-
ing radial pre-swirl angle, the total viscous force first
decreases by approximately 0.05% from 0.656635 N
at 0° to 0.656302 N at 60°, and subsequently increases
by approximately 0.02% from 0.656302 N at 60° to
0.656448 N at 90°; a valley at 60° appears. Therefore, the
radial, axial, and total viscous forces first decrease and
subsequently increase with increasing radial pre-swirl
angle, and the viscous forces show minimum values. The
radial viscous force is less than the axial viscous force,
and hence, the axial viscous force is the main component
of the total viscous force.
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Figure 9 Pressure forces versus radial pre-swirl angle: a radial
pressure force; b axial pressure force; ¢ total pressure force

5.4 Effects of the Circumferential Positive Pre-swirl

To investigate the effects of the circumferential positive
pre-swirl angle on the fluid-induced force of the RSTLGS,
the leakage flow rates, pressure forces, and viscous forces
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g 0O . cumferential positive pre-swirl angle.
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< : positive pre-swirl angles. With increasing circumfer-
065620 |- . ential positive pre-swirl angle, the radial pressure force
065615 F 1 s s s decreases by approximately 12.80% from 0.828514 N at
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Radial Prgswm Angle (*) tial positive pre-swirl angle, the axial pressure force first
increases approximately 0.002% from 0.052536 N at 0° to
0.65665 0.052537 N at 30°, subsequently decreases approximately
oeseo F 0.02% from 0.052537 N at 30° to 0.052526 N at 60°, and
then increases approximately 0.002% from 0.052526 N
% rees at 60° to 0.052527 N at 90°; a peak at 30° and a valley at
E 065650 £ 60° appear. With increasing circumferential positive pre-
2 065645 | - swirl angle, the total pressure force decreases by approxi-
E osedo b mately 12.74% from 0.830178 N at 0° to 0.724404 N at 90°.
E vessas b Therefore, the radial and total pressure forces decrease
a with increasing circumferential positive pre-swirl angle;
065630 £ the axial pressure force first increases, subsequently
063628 b decreases, and then increases with increasing circumfer-
, , ) ential positive pre-swirl angle. The radial pressure force
Radial Preswirl Angle (°) . ;
c is much larger than the axial pressure force; hence, the
Figure 10 Viscous forces versus radial pre-swirl angle: a radial radial pressure force is the main component of the total
viscous force; b axial viscous force; ¢ total viscous force pressure force.

were computed for four circumferential positive pre-
swirl angles at a pre-swirl velocity (100 m/s).

Figure 11 illustrates the dependence of the leakage flow
rates for all four circumferential positive pre-swirl angles.
With increasing circumferential positive pre-swirl angle,

Figure 13 illustrates the dependence of the viscous
forces on the rotor surface for all four circumferential
positive pre-swirl angles. With increasing circumfer-
ential positive pre-swirl angle, the radial viscous force
decreases by approximately 6.02% from 0.013789 N at
0° to 0.012959 N at 90°. With increasing circumferen-
tial positive pre-swirl angle, the axial viscous force first
decreases by approximately 0.08% from 0.656690 N



Wang and He Chin. J. Mech. Eng. (2019) 32:56 Page 11 of 15
0.84
C " n
- 0.01375 |
082 |
~ N > |
Z 080 [ g
5 C g 0.01350
o [ =
5 : £
= 078 F " @
2] F =2
:5 =}
2 3 2 001325 |-
L 076 | >
- r =
5 C
3 074 F & 0.01300
~ [ [ ]
072 - T T |
L L L L 0 30 60 90
0 30 60 90
Circumferential Positive Preswirl Angle (°) Circumferential Positive Preswirl Angle (°)
a a
0.052538 06567 F g
" \
/ u
0052536 - m 0.6566 [
~
- z
Z 0052534 [ % 06565 [
5 8
o 0.052532 5
L @
s Z o.6564 |
& 0.052530 > =
& = 06563
= =
£ 0052528 | <
0.6562 -
/. [ ]
0.052526 |- "
0.6561 1 " " " " 1 " " " " 1 " " " " 1
6 L L L L 3I0 L L L L 6I0 L L L L 9I0 0 30 60 90
Circumferential Positive Preswirl Angle (°) Circumferential Positive Preswirl Angle (°)
b b
0.84 0.6569
L L n [ ]
082 [ 0.6568 |- \.
~ N s :
Z 080 | % 0.6567 :
S r " 0.6566 [
o =5}
= 0.78 | 3 :
ES [ 3 r
2 8 C
% 076 L 2 0.6565 |
= L > [
[ - r "
g ol S oesea |
[_4 N L :
om b = 0.6563 | n
. [ | | | | 1 " " " " 1 " " " " 1 " " " " 1
e T o P p %
Circumferential Positive Preswirl Angle (°) Circumferential Positive Preswirl Angle (°)
¢ Cc
. ) ) . . Figure 13 Viscous forces versus circumferential positive pre-swirl
Figure 12 Pressure forces versus circumferential positive pre-swirl o T )
angle: a radial pressure force, b axial pressure force, and ¢ total angle: a radial viscous force; b axial viscous force; ¢ total viscous force
pressure force

at 0° to 0.656160 N at 60°, and subsequently increases
by approximately 0.02% from 0.656160 N at 60° to
0.656320 N at 90°; a valley at 60° appears. With increas-
ing circumferential positive pre-swirl angle, the total

viscous force first decreases by approximately 0.08% from
0.656835 N at 0° to 0.656301 N at 60°, and subsequently
increases by approximately 0.02% from 0.656301 N at 60°
to 0.656448 N at 90° a valley at 60° appears. Therefore,
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the radial viscous force decreases with increasing cir-
cumferential positive pre-swirl angle; the axial and total
viscous forces first decrease and subsequently increase
with increasing circumferential positive pre-swirl angle;
the axial and total viscous forces show minimum val-
ues. The radial viscous force is less than the axial viscous
force, and hence, the axial viscous force is the main com-
ponent of the total viscous force.

5.5 Effects of the Circumferential Negative Pre-swirl
To investigate the effects of the circumferential nega-
tive pre-swirl angle on the fluid-induced force of the
RSTLGS, the leakage flow rates, pressure forces, and vis-
cous forces were computed for four circumferential nega-
tive pre-swirl angles at a pre-swirl velocity (100 m/s).
Figure 14 illustrates the dependence of the leakage
flow rates for all four circumferential negative pre-swirl
angles. With increasing circumferential negative pre-
swirl angle, the leakage flow rate decreases by approxi-
mately 0.03% from 0.012486 kg/s at 0° to 0.012482 kg/s
at 90°. Therefore, the leakage flow rate decreases with
increasing circumferential negative pre-swirl angle.
Figure 15 illustrates the dependence of the pressure
forces on the rotor surface for all four circumferential
negative pre-swirl angles. With increasing circumfer-
ential negative pre-swirl angle, the radial pressure force
decreases by approximately 35.58% from 1.121509 N
at 0° to 0.722497 N at 90°. With increasing circumfer-
ential negative pre-swirl angle, the axial pressure force
first decreases by approximately 0.05% from 0.052536 N
at 0° to 0.052509 N at 60°, and subsequently increases
by approximately 0.03% from 0.052509 N at 60° to
0.052527 N at 90°; a valley at 60° appears. With increas-
ing circumferential negative pre-swirl angle, the total
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Figure 15 Pressure forces versus circumferential negative pre-swirl
angle: a radial pressure force; b axial pressure force; ¢ total pressure
force

pressure force decreases by approximately 35.48% from
1.122739 N at 0° to 0.724404 N at 90°. Therefore, the
radial and total pressure forces decrease with increasing
circumferential negative pre-swirl angle; the axial pres-
sure force first decreases and subsequently increases with
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increasing circumferential negative pre-swirl angle; the
axial pressure force shows a minimum value. The radial
pressure force is much larger than the axial pressure
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force, and hence, the radial pressure force is the main
component of the total pressure force.

Figure 16 illustrates the dependence of the viscous
forces on the rotor surface for all four circumferential
negative pre-swirl angles. With increasing circumfer-
ential negative pre-swirl angle, the radial viscous force
increases by approximately 15.19% from 0.011250 N
at 0° to 0.012959 N at 90° the axial viscous force
decreases by approximately 0.45% from 0.659260 N at
0° to 0.656320 N at 90°; the total viscous force decreases
by approximately 0.44% from 0.659356 N at 0° to
0.656448 N at 90°. Therefore, the radial viscous force
increases with increasing circumferential negative pre-
swirl angle; the axial and total viscous forces decrease
with increasing circumferential negative pre-swirl
angle. The radial viscous force is less than the axial
viscous force, and hence, the axial viscous force is the
main component of the total viscous force.

5.6 Comparison of the Four Types of Pre-swirls

Four types of pre-swirls, which include the axial pre-
swirl, radial pre-swirl, circumferential positive pre-swirl,
and circumferential negative pre-swirl in this work, affect
the leakage and fluid-induced force of the RSTLGS.

The increasing axial pre-swirl velocity decreases the
leakage flow rates, pressure forces, and viscous forces.
The results indicate that the velocity magnitude of pre-
swirl inhibits the leakage and fluid-induced force, but
the change is not evident with increasing axial pre-
swirl velocity.

With increasing radial pre-swirl angle, the total pres-
sure force shows the maximum value at 60°, the total
viscous force shows the minimum value at 60°, and
increasing radial pre-swirl angle decreases the leakage
flow rates. The results indicate that the pressure forces
and viscous forces show the maximum or minimum
value at a specific radial pre-swirl angle.

The increasing circumferential positive pre-swirl
angle decreases the leakage flow rates, pressure forces,
and viscous forces. The results indicate that the circum-
ferential positive pre-swirl angle promotes the leakage
flow rates, pressure forces, and viscous forces.

The increasing circumferential negative pre-swirl
angle decreases the leakage flow rates, pressure forces,
and viscous forces. The results indicate that the circum-
ferential negative pre-swirl angle promotes the leakage
flow rates, pressure forces, and viscous forces.

Table 6 lists the comparison of the maximum change
rate of the four types of pre-swirls. The pre-swirl signif-
icantly affects the total pressure force, and the circum-
ferential negative pre-swirl has the greatest influence,
followed by the circumferential positive pre-swirl. The
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Table 6 Maximum change rate of the four types of pre-
swirls

Pre-swirl Maximum change rate (%)
Total Total viscous Leakage
pressure force flow rate
force
Axial 329 0.04 0.02
Radial 142 0.05 0.02
Circumferential positive 12.74 0.08 0.03
Circumferential negative 3548 044 0.03

pre-swirl has some influence on the total viscous force,
and the circumferential negative pre-swirl has the
greatest influence. The pre-swirl has a negligible impact
on the leakage flow rate.

6 Conclusions

(1) The steady CFD method is proposed based on the
three-dimensional model of the RSTLGS and con-
sists of the following parts. The commercial soft-
ware ANSYS DesignModeler 17.0 is used to estab-
lish the three-dimensional computational model.
The commercial software ANSYS ICEM CED 17.0
is used to generate the unstructured mesh for the
calculations. The commercial software ANSYS-
CFX 17.0 is used to solve the RANS equations. The
mesh analysis ensures the accuracy of the steady
CFD method.

(2) To investigate the effects of four types of pre-swirls,
computations were performed for six axial pre-
swirl velocities, four radial pre-swirl angles, four
circumferential positive pre-swirl angles, and four
circumferential negative pre-swirl angles using the
steady CFD method.

(3) The axial pre-swirl velocity remarkably inhibits the
fluid-induced force, and the circumferential positive
pre-swirl angle and circumferential negative pre-
swirl angle remarkably promote the fluid-induced
force. The effects of the radial pre-swirl angle on
the fluid-induced force are complicated, and the
pressure forces and viscous forces show the maxi-
mum or minimum value at a specific radial pre-
swirl angle. The pre-swirl has a negligible impact on
the leakage. The four types of pre-swirls affect the
leakage, flow field, and fluid-induced force of the
RSTLGS in varying degrees.

(4) The pre-swirl is the influence factor affecting the
leakage, flow field, and fluid-induced force of the
RSTLGS. The conclusions of this paper will help
better understand the fluid-induced force of laby-
rinth seals by providing helpful suggestions for
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engineering practices and a theoretical basis to ana-
lyze the fluid—structure interaction of the seal-rotor
system in future research.
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