1838. Experimental investigation of rotordynamic
coefficients for the labyrinth seals with and without
shunt injection

Dan Sun', Shuang Wang?, Yanting Ai’, Hailun Zhou*, Keming Wang®

Liaoning Key Lab of Advanced Test Technology for Aerospace Propulsion System,

Shenyang Aerospace University, Shenyang 110136, China

!Corresponding author

E-mail: 'phd_sundan@163.com, *dameiwuxing@163.com, *ytai@163.com, *hlzhou@nuaa.edu.cn,
Swkm308@126.com

(Received 23 July 2015; accepted 28 August 2015)

Abstract. Shunt injection serves an important role in the labyrinth seal static and rotordynamic
characteristics which are important in the prediction of turbomachinery stability. This paper
analyzed how the shunt injection affects the seal rotordynamic characteristics, and presented an
improved impedance method based on unbalanced synchronous excitation to identify the
rotordynamic coefficients of labyrinth seals on a rotor test rig. The influences of the rotational
speed and the inlet/outlet pressure ratio on the rotordynamic characteristics of shunt injection seals
with and without shunt injection were identified and analyzed. The experimental results reveal
that all the seal rotordynamic coefficients increase with the rotational speed, and the inlet/outlet
pressure ratio. The shunt injection contributes to decreasing the seal cross-coupled stiffness, and
increasing the direct damping. The shunt injection plays an important role in decreasing the
effective stiffness coefficient, and increasing the effective damping coefficient. The shunt
injection can effectively improve the rotor stability. The experimental results lay the foundation
for designing the annular seals with shunt injection.

Keywords: labyrinth seal, shunt injection, experimental identification, rotordynamic
characteristics, seal stability.

1. Introduction

Seals are widely used in compressors and turbines to restrict leakage between different
pressure regions. They have been confirmed as a major source of destabilizing forces resulting in
rotordynamic instability problems [1-3]. Extensive experimental investigations and field
troubleshooting experience have confirmed the cross-coupled stiffness coefficients generated by
gas preswirl velocity at the labyrinth seal entrance to be the major mechanism of inducing a
load-dependent instability vibration [4-6].

A part of gas following along the shaft may motion circumferentially, which is called as a
swirl. Labyrinth seals with strong gas swirl on the direction of shaft generate a destabilizing force,
which is primarily influenced by the velocity of swirl at the entrance of labyrinth seal. In practice,
shunt injection and swirl brake are two promising techniques to enhance rotor stability if the
predicted log-decrement is relatively low [7-9].

Researchers show that the swirl brakes at the seal entrance play an important role in increasing
rotordynamic stability [10-12], even though some cases are known in which have not produced a
satisfactory effect. Under the condition that the seal inlet/outlet pressure difference is large or that
the seal axial length is long, the swirl brakes have few impacts on improving the seal stability [13].

An alternative solution is to be found in the use of the shunt injection [14-17]. The shunt
injection is mainly applied to the balance piston seal. The balance piston is located after the last
stage of the impeller and is longer than that of the nech ring seal or the interstage seal. The basic
idea of shunt injection is to reduce or eliminate the swirl effect by eliminating the swirl velocity
near the high pressure end of the seal by injecting a jet flow toward the rotor. Sung-young [18]
presented the first shunt injection seal rotordynamic coefficient results obtained by a CFD
approach. Soto and Childs [19] studied the rotordynamic characteristics of the labyrinth seal with

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4289



1838. EXPERIMENTAL INVESTIGATION OF ROTORDYNAMIC COEFFICIENTS FOR THE LABYRINTH SEALS WITH AND WITHOUT SHUNT INJECTION.
DAN SUN, SHUANG WANG, YANTING Al, HAILUN ZHOU, KEMING WANG

shunt injection via experimental approach. The results show that labyrinth seals with injection
against rotation are better able to control rotordynamic instabilities than ones with radial injection.
N. Kim [20] predicted the effects of shunt injection on the rotordynamics of gas labyrinth seals by
a CFD perturbation model. The prediction shows the primary advantage of the shunt injection is
drastically reducing the cross-coupled stiffness. Although the shunt injection is widely
implemented, few experiments are adopted to investigate the effect of different quantities and
sizes of shunt injection on the static and rotordynamic characteristics of labyrinth seals.

In this paper, the effectiveness of the shunt injection was experimentally investigated used the
labyrinth seals on a rotating test rig. An improved impedance method based on unbalanced
synchronous excitation method was used to investigate the rotordynamic coefficients of seals. To
study the effects of the shunt injection on the seals, four different shunt hole densities and
diameters for the following conditions: (1) without shunt injection, (2) with shunt injection
(06x12), (3) with shunt injection (@6x14), (4) with shunt injection (@8x12). The influences of
several system parameters, such as shunt densities, injection diameters and the operating
conditions (inlet/outlet pressure ratio and rotating speed) were measured and discussed,
respectively.

Flowmeter Shunt Injection Mainstream
nlel Pipe Gas Inlet Pipe

Cylinder

a) Branch cylinder b)Cyhnder '

Bearing  Cylinder Accelerator Motor

c) Seal test rig
Fig. 1. Schematic diagram of the seal test rig

2. Test-rig description

The rotordynamic test rig adopted in this study is shown in Fig. 1. A slender steel shaft is
supported by two steel oil bearings lubricated by ISO VG32 turbine oil. The middle of the shaft
holds a steel sleeve with labyrinth seals and the diameter 180 mm. Near the bearings, two steel
balance disks are used to regulate the original rotor vibration and to provide unbalanced exciting
forces. The magnitudes and angles of unbalanced excitation forces can be changed through
adjusting the location of unbalance blocks fixed on the balance disks. Two rings of copper
labyrinth seals are fixed on the interior wall of the cylinder. The cylinder is hung by springs
(exchanged to adjust stiffness) on vertical and horizontal directions. The cylinder is easily excited
by seal force which is approximately the same frequency as the rotor rotation. At the free end of
shaft, 15 kW DC motor drives the shaft through speed-increasing gearbox. The rotor speed can be
adjusted from 500 rpm to 6 000 rpm. To obtain the impedance function of cylinder, an
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electromagnetic shaker is to apply dynamic load make the cylinder with loads up to 500 N. The
dynamic load applied to the cylinder is measured with the load cell located between the stinger
and shaker frame. In order to study the rotordynamic characteristics, the test rig is equipped with
a branch cylinder, which sets 8 high pressure gas transmission pipes. The four seal mainstream
gas inlet pipes and the four shunt injection gas pipes are all equally spaced on the circumference.
High pressure appendix transfers different pressure gas to the seal entrance and shunt holes
through the surge valve. The inlet pipes and placement of test seals are shown in Fig. 2.

Inlet Pipes Shunt Injection

7 a) Seal without shnt holes b) Seal with shunt holes
Fig. 2. The seal installation type

As illustrated in Fig. 3 and Fig. 4, 4 velocity sensors and 4 proximitors are used to measure the
vibrations of cylinder and rotor. A key phase transducer is to measure rotating speed and its phase.
The phase of all vibration signals are obtained from this keyphasor signal. All measurements are
conducted under 25 °C room temperature.

Velocity Sensors Keyphasor Transducer

A Lenipalll W Z.,,‘
Fig. 3. Photo of sensor placerﬁé

nt

Table 1. Seal dimensions and operating conditions

Physical properties Value
Rotor diameter (mm) 180
Shunt hole angle (deg) (from radial) 15
Radial interference between rotor and seal (mm) 0.2
Shunt hole diameter (mm)xquantity B6x12, B6x14, B8x12
Number of seal teeth 15
Number of air inlet pipes (cylinder) 8
Fluid compressed air
Pressure downstream (MPa) (discharge) 0.1
Pressure upstream (MPa) (supply) 0.5-0.7
B, 5-7
Shunt injection pressure (MPa) 0.8
Rotor speed (rpm) 1500-3000

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4291



1838. EXPERIMENTAL INVESTIGATION OF ROTORDYNAMIC COEFFICIENTS FOR THE LABYRINTH SEALS WITH AND WITHOUT SHUNT INJECTION.
DAN SUN, SHUANG WANG, YANTING Al, HAILUN ZHOU, KEMING WANG

Table 1 and Fig. 5 show the details of the test seal dimensions and operating conditions for
measurements of seal force coefficients. The selected geometry is representative of a medium
pressure centrifugal compressor balance piston seal, more specifically the labyrinth seal is a
straight through seal with 15 statoric teeth facing a smooth rotor.

Plane ||
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Keyphasor
transducer

g

Shaker

Velocity
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~ Shaker
I-directionk —~
0 L >

-~ X1-diréeti
Proximitor
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Fig. 4. Schematic diagram of measurement system

1A Semi-cycle seal with
shunt injections

Rotation

Shunt holes:
D6mm> 12

- Section A-A 1 )

IR T
Fig. 5. Dimensions of test seal
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High pressure
side

3. Identification methodology

The proceeding section introduced the test apparatus and facility, and explained the dynamic
measurements taken at the seals. The present section explains how the measurements are used to
identify the rotordynamic coefficients.

3.1. Equivalent air force identification

In order to calculate the resultant forces exerting on the ends of the cylinder, a kinematical
model of the cylinder was established. When the cylinder was excited on the middle of plane and
tilting motion exists, the displacements of the two ends of planes varied with amplitude and phase.
Considering this situation, this paper built a fluid-force identification method with 4 degrees of
freedom for the cylinder system. As shown in Fig. 10, X-direction is taken as the object of study.
Under the action of seal force and elastic force, the kinematic equation is presented as:
{mi& = —kyXy — 01X —koXp — Xy + fra + fra, ()
JOr = —kilixy — ¢y + kaloxy + colaXo + fraly — fralo
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where f,; is the equivalent seal force of plane I, f,, the equivalent seal force of plane II, x the
cylinder displacement, 6, the deflection angle, k; and ¢; (i = 1, 2) the stiffness and damping
coefficients of the supporting springs, respectively. From Fig. 10, x and 6, can be denoted by:

L. b
X = X X5,

L+, L+ @
0 _ X1 X2
YL+

Eq. (1) is rewritten as:

l l
m z 5C1+m 1 5&2 +k1x1+615€1+k2x2+62)?52 =fx1 +fX2’
{ L +1, L +1, 3)
J .. . .
tm (1 — X)) + kylyxg + ol — kalyxy — cply%s = frnly — fralo
1T b
Under the external harmonic excitation with frequency, assuming;:
|(x1 — Xleiwt’
xz Z)?Zeiwt, (4)
fa = ﬁxleiwt:

frz = ﬁxzeiwt-
When Eq. (4) is inputting into Eq. (3), there is:
Frz Z3(w) Zy(w)] X,

where, Z i(w) (i =1, 2,3, 4) is the impedance function of the test cylinder, which are expressed
as:

N L+

Zi(w) = —%wz + ky + iwcy,
1 2

o _J-mhl,

TS ]
. J —ml,l, ©)
Z3(w) = 5 w?

L+k)?*
" ml%+J ) .
kZ4((1)) = —m(u + kz + lwc,.

Eq. (6) indicates that fi (w), decided by the inherent characteristics of the system, is the

function of the excitation frequency w. Thus, Z :(w) is obtained by external excitation experiments
in the X-direction of the two selected planes.

By considering the coupling effect between the vertical and horizontal directions, Eq. (5) can
be expanded as:

F=Z-D, @)
where:
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[211 (w) 212 (w) 2)13 (w) 214 (w) ()?1\ }jm
> _ |€21(w) Zj)zz(w) %)23(60) %24(60) [ D= )Ez ‘ P= F;xz
[Z31(w) Zsp(w) Zzz(w) Zza(w)] Y Fyy
l2)41 (w) 242 (w) 243 (w) 244 (‘U)J kl72 } kﬁyZJ

F is the equivalent seal force, D the displacement vector of cylinder vibration under different
inlet pressures and speeds. To acquire the matrix Z , the cylinder assembly is excited by a shaker
at two ends of planes from two orthogonal directions (x, y) on each plane, shaker excitation
experiment is shown in Fig. 7.

Equivalent
spring

I 1 1
Fig. 6. Schematic diagram of seal-force identification model

/
/

A/ J :
a) Shaker excited in x direction b) Shaker excited in y direction
Fig. 7. Shaker excitation experiment

To eliminate the influence of cylinder tilting motion, the total seal forces acting on the cylinder
is calculated on the x and y directions as follows:

1

ST ST

=

+ )
1 2 (8)
1 + y2*

N

ST ST

If the impedance matrix Z and the cylinder vibration under different working conditions are
measured, the equivalent seal force can be calculated by Eq. (8).

3.2. Rotordynamic coefficients identification

The general governing equation of film forces on seals, which have oscillations relative to the
rotor, is given by the linearized force-displacement model:
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o1 R Pod [ red 3 Vd [ red 8 Wi et ©)

where f, and f,, are the fluid-film reaction forces on seals on the x and y directions; k, ¢, and m
the stiffness, damping, and added-mass coefficients, respectively; the subscripts xx and yy
represent the direct terms; the subscripts xy and yx represent the cross-coupled terms. These
coefficients vary with the equilibrium position of the rotor, rotating speed, inlet/outlet pressure
ratio, temperature conditions, and so forth. The off-diagonal coefficients in Eq. (9) are caused by
fluid rotation, which can be applied to liquid annular seals. However, for the air annular seals, the
added-mass terms are negligible. Thus, for air seals, Eq. (9) determined in the frequency domain
derives from:

it i)

D g g ot (10)
{Fy Hy,  Hy, Y,

where, H is the coefficients defined in Eq. (10) by H;; = k;; + jwc;; where w the frequency of

excitation force from fluid force, which is the same frequency as the rotor rotation; )?r and 17T the
relative displacements between the cylinder and rotor on horizontal and vertical directions. To

avoid the tilting motion in the cylinder, )?r and l_/; are gained by

-

1 - -
X, == (Xrl + sz)’
z (1n)
Y, = E(le + er)'

where, )?rl, 17;1, )?rz and 17;2 are the complex variables, )?Tl and ?m the relative displacement of

plane I on orthogonal directions, )?rz and 1_/;2 the relative displacement of plane II.

Eq. (10) provides two equations with the four unknowns (H,, Hy,, H,,, and H,,,). To provide
four independent equations, the number and installation angle of balance mass fixed on balance
disks were changed to generate different magnitudes and directions of exciting forces with
synchronous frequency. The equations are:

.

1 [Xr,l Yr,l (1 (3) Hxx

I 0 0 X1 Yo [ny]
H
H

: (12)

® e

I Xenw Yo O 0
le,nJ 0 0 Xou Youl ¥

where the subscripts I and II represent two different unbalance conditions.

When the absolute displacements in the two ends of the cylinder and the relative displacements
between the cylinder and rotor are determined, H can be calculated by Eq.(12). Since
H;; = k;j + jwc;j, the real part of H can be used to calculate direct and cross-coupled stiffness
while the imaginary part can be adopted to estimate the coefficients of direct and cross-coupled
damping.

4. Test conditions and procedure
Fig. 8 shows shunt injection applied to a balance piston seal for a centrifugal-compressor. As

shown in Fig. 8, shunt holes are equally arranged on the stator wall on the circumference and are
usually very close to the high-pressure section. In this paper, the effectiveness of the shunt
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injection was experimentally investigated when used with the labyrinth seals on a rotating test rig.
An improved impedance method based on unbalanced synchronous excitation method was used
to investigate the rotordynamic coefficients of seals. To study the effects of the shunt injection on
the seals, four different shunt hole densities and diameters for the following conditions: (1) without
shunt injection, (2) with shunt injection (¥6x12), (3) with shunt injection (06x14), (4) with shunt
injection (¥8x12). The operating conditions (B and rotating speed) are accounted for. All of the
seals have the same nominal diameter, effective length and clearance in order to have a
straightforward comparison.

\ Shunt holes

Fig. 8. The physical map of seal with shunt holes (36x12)

M 105 —<— without shunt injection —_ 550 L

35 | —+— shuntinjection ( ¥6x12) £
. —o&— shunt injection (P6x14) =
E —— shunt injection ( ®8x12) X 500
2 3 3
X > 1
ﬁ £ 450 1
1] Q.
o 25 ‘ g
£ g
7 g 400 1
g 2 ®
a a

350 v y
1 1500 2000 2500 3000

15500 2000 2500 3000

Rotational Speed(rpm) Rotational Speed(rpm)

—<— without shunt injection

«10" % 400 4 —+ shuntinjection (®6x12)
€12 z —o&— shunt injection (®6x14)
= = 350 | —— shunt injection (®8x12) 5
=10 o
£ 2 300
3 8 s
c
£ ) 5 250 ]
@ a
°
g 4 M 8 200, ]
s T T ] g
¢, ] g 150 1
8 2
[§) S 100 - y

1500 2000 2500 3000 o 1500 2000 2500 3000
Rotational Speed(rpm) Rotational Speed(rpm)
a) Stiffness coefficients b) Damping coefficients

Fig. 9. Rotordynamic coefficients versus rotating speed (B, = 7)
5. Rotordynamic coefficient results
5.1. Influence of rotating speed on the rotordynamic coefficients

Fig. 9 shows the experimental analysis for the effect of rotating speed on rotordynamic
coefficients. The experiments were carried out at a P, of 7, and rotating speeds of 1500-3000 rpm.
In Fig. 9, it is revealed that (1) rotating speed significantly influences stiffness and damping
coefficients; (2) the rotordynamic coefficients are shown to increase with rotating speed due to
the positive swirl induced by rotation; (3) shunt injection is promising to effectively reduce the
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cross-coupled stiffness coefficients and increase the direct damping coefficients. For instance, the
seal with shunt injection (@6x14) suffices to reduce 25 %-75 % the coefficients of cross-coupled
stiffness and the seal with shunt injection (@6x12) further potentially reduces that.

5.2. Influence of inlet/outlet pressure ratio on the rotordynamic coefficients

Through the experimental analysis for the rotordynamic coefficients with increasing
inlet/outlet pressure ratios at 3000 rpm, and P, of 5-7, the results are demonstrated in Fig. 10.

As is shown in the Fig. 10, (1) the stiffness and damping coefficients almost linearly increase
with the inlet/outlet pressure ratio; (2) shunt injection is conductive to effectively reduce
cross-coupled stiffness and increase the direct damping; (3) the greater the shunt injection velocity
is, the more effectively shunt injection works on the seal cross-coupled stiffness and direct
damping coefficients. The cause of the results above is that the destabilizing forces from the
labyrinth seals acting on the rotor become larger with the increase of the inlet swirl into the
labyrinths as the leakage increases. The shunt injection does have a major positive contribution to
reducing the seal circumferential pressure difference, the seal destabilizing forces.

@
o
@
S

x10 = ‘ ‘ ‘ r
35 E
= @
£, g
Z 1 % 5004
X ]
5 25 - 2
3 £
% 2 —< without shunt injection Q 0
b —+— shunt injection ($6x12) “5’:
215 —o&— shunt injection ( ®6x14) a
o —<— shunt injection (®8x12) 400 : : .
1 . : : ; 5.5 6 6.5 7
5 55 6 6.5 7

- Inlet/outlet Pressure Ratio
Inlet/outlet Pressure Ratio

x
a
o
N
/m

450 + —<— without shunt injection

z —+— shunt injection (®6x12)
% 400 | —o— shunt injection (®6x14)
—<— shunt injection (P8x12)

350 ———3%

12 2

250

Cross-coupled Stiffness Kxy(N/m)

[}
Cross- coupled Damping C

2 ‘ : 150 : ‘ :
5 55 6 6.5 7 5 55 6 6.5 7
Inlet/outlet Pressure Ratio Inlet/outlet Pressure Ratio
a) Stiffness coefficients b) Damping coefficients

Fig. 10. Rotordynamic coefficients versus inlet/outlet pressure (rotational speed: 3000 rpm)
5.3. Analysis of seal stability

Effective stiffness and effective damping coefficients are the comprehensive index of the
stability of the sealing system. Assuming a small circular precessional motion, the stabilizing
effect of the direct damping coefficient C can be combined with the destabilizing forces developed
by the cross-coupled stiffness coefficient k to define the effective damping coefficient C,zs:

G = () -5 (13)

The stiffening effect of the direct stiffness coefficient K and the cross-coupled damping
coefficient ¢ represented by the effective stiffness K-
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In Eq. (13) and Eq. (14) Q stands for the angular velocity of precession. C.¢r has a great
influence on the stability of the rotor system. The greater the C.f is, the more stable the rotor
system is. Fig. 11 indicates the impact of rotational speed and inlet/outlet pressure ratio on the
effective under the condition of different quantities and diameters of the shunt holes.

It is observed from the figure that (1) with the increasing of the rotational speed and inlet/outlet
pressure ratio, all the effective rotordynamic coefficients increase except for the effective damping
coefficient of the seal without shunt holes; (2) the seal with shunt holes reduces the effective
stiffness by 25 %-40 % compared with the traditional labyrinth seal; (3) the seal with shunt
injection increase the effective damping by 200 %-300 % in contrast with the traditional labyrinth
seal. The experimental results reveal the mechanism that the shunt injection can improve the rotor
stability.

5 5
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4 4)( 10
£ y =
3 35 ' 538
5 =
b4 < 36
e 3 o«
2 3
?’E £ 34
£ 25 @
o —<F— without shunt injection @ 3.7 . —
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a) Rotational speed b) Inlet/outlet pressure ratio

Fig. 11. Effective rotordynamic coefficients versus rotational speed and inlet/outlet pressure
6. Conclusions

The objective of this effort is to attempt to experimentally investigate the rotordynamic
coefficients for the labyrinth seals with and without shunt injection. An improved impedance
method based on the unbalanced synchronous excitation strategy was applied to identify the
rotordynamic coefficients. The effect of the rotor speed and the inlet/outlet pressure ratio on the
rotordynamic characteristics of the seal with and without shunt injection was analyzed. Specific
findings for the cases considered include:

1) The rotating speed and the inlet/outlet pressure ratio seriously influence the stiffness and
the damping coefficients of the seal with and without shunt injection. All rotordynamic
coefficients increase with rotating speed and inlet/outlet pressure ratio;

2) The shunt injection contributes to decreasing the seal cross-coupled stiffness, and increasing
the direct damping;

3) The shunt injection plays an important role in decreasing the effective stiffness coefficient,
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and increasing the effective damping coefficient. The shunt injection can effectively improve the
rotor stability.
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