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Abstract 
 
To achieve higher aerodynamic performance, turbine usually works at tight clearance, which results in inevitable rub between the rotor 

and stator parts of labyrinth seal due to vibrations, misalignment, mechanical force, thermal stress, etc. In the rubbing events, contact 
between labyrinth fin and rotor part will commonly induce the teeth bending and mushrooming damages, which significantly affect the 
discharge performance of a labyrinth seal. To account for the influence of teeth bending and mushrooming on leakage performance of a 
straight-through labyrinth seal, the leakage rates and flow fields in the worn labyrinth seal are measured and also compared with the 
original design cases. With numerical methods, the discharge behaviors of the labyrinth seal with different degrees of bending and mush-
room damages are analyzed. It shows that the predicted leakage performance and flow fields in the labyrinth seals match well with the 
experimental tests. For the bending cases, the leakage rates and flow patterns in labyrinth seals are dependent on the effective clearance 
and bending angle. The leakage ratio of forward bending case is smaller than that of backward bending case with the same geometrical 
dimensions. However, for the mushroomed labyrinth seals, the leakage rates and flow patterns are much dependent on the effective clear-
ance but slightly dependent on the mushroom radius.  
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1. Introduction 

Labyrinth seal is one of the primary sealing devices in mod-
ern turbo machines (steam turbine, gas turbine, compressor, 
etc.) due to its simplicity, low cost and easier installation char-
acteristics. In practice, the labyrinth seal not only significantly 
affects the aerodynamic performance [1], but also influences 
the operation safety [2] and interval of overhaul for turbine 
unit [3]. Therefore, many research activities have dedicated to 
develop advanced labyrinth seals to improve the sealing effec-
tiveness since 1980s [1]. However, some critical problems 
remain in turbo machines due to the failure of labyrinth seals, 
especially in the transient periods of startup, shutdown and hot 
restart [4]. In these cases, the interference of seal rotor and 
stator often occurs, which leads primarily to damage the laby-
rinth fin (for instance, break-off, bending, mushrooming, etc.) 
or the opposite surface (for instance, rub groove). The dam-
ages in labyrinth seal will result in deviations of clearance gap 
from the original design, thus significantly affect the realistic 
performance (aerodynamic, heat transfer, cooling, rotordy-

namics, etc.) of labyrinth seal in contrast to the original design 
[5]. 

Fig. 1 illustrates the common damages in labyrinth fin after 
rub. Note the seal geometry varies a lot compared with the 
original design, especially near the fin tip. As pointed out in 
Ref. [4], wear of labyrinth fin will significantly influence the 
jet speed across the clearance gap. Moreover, the deformation 
of labyrinth fin changes the area of seal chamber which de-
termines the dissipation of leakage jet. Therefore, the dis-
charge behavior [6], heat transfer [7] and rotordynamic per-
formance [8] of the worn labyrinth seal will be quite different 
with the original design. 

For a labyrinth seal, the type of wear mainly depends on 
materials of labyrinth fin and its opposite part [4, 5]. Evi-
dences have shown that, if the labyrinth fin is made from soft 
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    (a) Wear-off        (b) Mushrooming       (c) Break-off 
 
Fig. 1. Photos of damaged labyrinth fin [4]. 
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material, for example, aluminum, thermoplastic material, etc., 
the labyrinth fin tip is likely to be worn-off or mushroomed 
[4] in the rubbing events. If the labyrinth fin is made from 
hard metal, for example, steel, steel alloy, the bending damage 
is most probably occurred when seal rotor and stator contact 
each other [5]. Fig. 2 depicts the mushrooming and bending 
processes for the labyrinth seal. It is evident that the effective 
sealing clearance and fin geometry change a lot in the rubbing 
process. Therefore, a deep insight into the flow patterns and 
leakage rate in labyrinth seal after rub would be beneficial to 
the leakage control in realistic operation conditions. 

Since the main function of labyrinth seal is to control leak-
age rate in turbo machines, most of the previous studies strug-
gled to investigate the leakage performance of labyrinth seal. 
The representative experimental and numerical work carried 
out by Wittig et al. [9] showed that the pressure ratio and 
geometrical parameters (such as the clearance, pressure ratio, 
fin number, etc) are the main influence factors to determine 
leakage rates and flow patterns in labyrinth seals. Then, 
Schramm et al. [10] visualized the flow fields in the stepped 
labyrinth seal with LDV (laser Doppler velocimetry) technol-
ogy, and also measured the leakage rates at a range of pressure 
ratios and three different sealing clearances. Their results indi-
cated that the leakage rate in stepped labyrinth seal is nearly 
proportional to the sealing clearance and pressure ratio. Sub-
sequently, Paolillo et al. [11] experimentally revealed that the 
leakage rate in labyrinth seal is affected by the rotor speed and 
inlet preswirl ratio. Micio et al. [12] found that the pressure 
ratio, Reynolds number and sealing clearance have significant 
influence on the leakage rate and flow fields in a straight-
through labyrinth seal. However, these studies [9-12] mainly 
focused on the relations between leakage rate and influence 
factors, including the operation conditions and geometrical 
parameters, for the original design cases. Although such stud-
ies are very helpful for the labyrinth seal design, it still not 
well suited for the sealing performance evaluation in realistic 
operation process.  

With such background, a few researchers turned their re-
search interests to the rub characteristic in labyrinth seals in 

recent years. Whalen et al. [13] systematically analyzed the 
geometry deformations for a typical metallic labyrinth seal in 
the rubbing process. By testing the thermal properties of vari-
ous materials for labyrinth seals, a thermoplastic labyrinth seal 
concept was presented to solve the problem of enlarged gap 
width when rub occurs for centrifugal compressors. Ghasri-
poor et al. [4] experimentally investigated the heating and 
melting mechanisms in labyrinth fin during rubbing process. 
Their study showed that the thermal conductivity and geome-
try are the main factors to influence the wear behavior. Xu’s 
[5] numerical study revealed that the bending and mushroom-
ing significantly increase the leakage rate for labyrinth seal, 
and also, the flow patterns vary a lot in the bent seal chamber 
in contrast to the original design. Based on Micio et al’s ex-
perimental tests [12] and Xu’s rub models [5], Yan et al. [7] 
investigated the effect of bending and mushrooming damages 
on heat transfer characteristic in a straight-through labyrinth 
seal. Their study showed that the bending damage has little 
influence on the overall Nusselt number distributions on the 
seal rotor and stator, while the mushrooming rub has a pro-
nounced effect on heat transfer in the labyrinth seals in con-
trast to the original design. Herrmann et al. [6] carried out the 
finite element analysis to predict the deformation geometry for 
labyrinth seal in rubbing process. They found that the contact 
heat transfer coefficient has a pronounced effect on the de-
formed shape of labyrinth fin. In their study, a new concept of 
flexible seal was presented to mitigate the rub damage for 
labyrinth fin in rubbing event. Pychynski et al. [14] presented 
a theoretical method to investigate the thermo-mechanical 
performance of labyrinth seal during rub process. They found 
that the temperature gradient in labyrinth fin has a minor ef-
fect on stress, whereas the temperature rise plays an important 
role in the risk of fin crack in rubbing event. Dogu et al. [15] 
numerically investigated the leakage degradation for the laby-
rinth seal with different types of wear in labyrinth fin and sta-
tor surface. Their numerical results indicated that, for the 
tooth-wear, unworn, rounded and mushrooming damages 
affect the leakage rate from the least to greatest. Recently, as 
the honeycomb seal is gradually exhibiting superior perform-
ance over the conventional labyrinth seal, some studies dedi-
cated to the wear damages in labyrinth seal with honeycomb 
land were presented in open publications. For example, 
Chougule et al. [16] numerically investigated the leakage per-
formance of labyrinth seal with worn honeycomb. They found 
that the leakage rate is increased with the increase of rub 
groove depth in lower clearance case, but it is not varied sig-
nificantly in larger clearance case. The groove width of hon-
eycomb land is also an important influence factor for the dis-
charge behavior of labyrinth-honeycomb seal. Collins and 
Teixeira [17] experimentally and numerically investigated the 
sealing performance degradation in the labyrinth seal with 
worn honeycomb. Their research showed that wear in the 
honeycomb cells increases the leakage rate, particularly in the 
case of “teeth located centrally below the rub groove”. Py-
chynski et al. [18] measured the rub behavior between the 

   before-rub rubbing after-rub  
(a) Mushrooming process 

 

   before-rub rubbing after-rub  
(b) Bending process 

 
Fig. 2. Mushrooming and bending processes in labyrinth seal. 
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labyrinth fin and honeycomb liner. In their study, the friction 
temperature field and wear performance were analyzed at a 
range of incursion rates and friction velocities. It showed that 
there is a strong interaction between contact forces, friction, 
temperature field, and wear behavior in the rubbing event. 

In this study, leakage performance of the labyrinth seal with 
bending and mushrooming damages are investigated by ex-
perimental tests and CFD analysis. At first, the measurements 
of leakage rates and visualizations of flow fields in labyrinth 
seals with bending and mushrooming damages are presented 
and compared with the original design cases. With the ex-
perimental data, the present numerical methods are carefully 
validated. Then, with the numerical methods, the leakage rates 
and flow patterns in the labyrinth seal with different degrees 
of bent and mushrooming damages are computed. The effects 
of bending and mushrooming damages on the discharge be-
haviors in the labyrinth seals are analyzed and also compared 
with the original design cases. Notice all experiments and 
numeric simulations in the present study are carried out in 
non-rotating conditions. However, with the theories presented 
in Refs. [19, 20], the results can be extended to the rotating 
cases. 

 
2. Numerical methods 

2.1 Geometrical models 

In this study, a straight-through labyrinth seal with four fins 
is selected as the research objective. The geometrical parame-
ters for the original design, bending and mushrooming cases 
are illustrated in Fig. 3. The geometrical dimensions of the 
original design are listed in Table 1. 

Since the bending geometries of labyrinth seals in realistic 
operation conditions are quite complex, in the present study 
Xu’s bending model [5] is adopted to describe the bending 
damage in labyrinth fin. This bending model is based on three 
assumptions (see Fig. 3(b)): 

(1) The centerline of bent portion is an arc with radius Rb. 
(2) The arc of centerline is tangential to the centerline of the 

unbent portion. 
(3) The thickness of bent portion is the same with the origi-

nal design. 
For the mushrooming case, the mushroomed fin tip is sim-

plified as an arc with radius Rm at each side. The mushroom-
ing model is based on two assumptions (see Fig. 3(c)): 

(1) The mushroomed arcs are symmetrical about the center-
line of labyrinth fin. 

(2) The distance between two arc centers is two times of the 
mushroom radius, i.e. Sm = 2Rm. 

Based on above assumptions, nine backward bending (BB) 
cases, nine forward bending (FB) cases and seven mushroom-
ing (MR) cases are selected to investigate the effects of fin 
damages on leakage performance in labyrinth seal. The de-
tailed geometrical dimensions of the bending and mushroom-
ing cases are listed in Tables 2 and 3, respectively. In Table 2, 
the case numbers “1”, “2” and “3” mean that the tooth unbent 
height U is large, intermediate and small, respectively. “S”, 
“M” and “L” represent the cases with small clearance, me-
dium clearance and large clearance, respectively. In Table 3, 

 
(a) Original design case 

 

     
      (b) Bending case              (c) Mushrooming case 
 
Fig. 3. Geometrical parameters of the labyrinth seals. 

 

Table 1. Geometrical dimensions for the original design case. 
 

Parameter Value 

Hs (mm) 16.4 

Ls (mm) 16.4 

cr (mm) 1.2, 1.7, 2.2, 2.7 

W (mm) 1.2 

α (deg.) 86 

 
Table 2. Geometrical dimensions for the bending cases. 
 

Case cr
* (mm) β (deg.) U (mm) 

BB1S, FB1S 2.39 76.27 9.96 

BB1M, FB1M 3.50 107.58 9.96 

BB1L, FB1L 4.66 174.43 9.96 

BB2S, FB2S 2.39 55.96 5.27 

BB2M, FB2M 3.50 74.45 5.27 

BB2L, FB2L 4.66 90.22 5.27 

BB3S, FB3S 2.39 44.67 0 

BB3M, FB3M 3.50 59.79 0 

BB3L, FB3L 4.66 72.43 0 

 
Table 3. Geometrical dimensions for the mushrooming cases. 
 

Case cr
* (mm) Rm (mm) 

MR1S 2.39 1.2 

MR2S 2.39 1.8 

MR1M 3.50 1.2 

MR2M 3.50 1.8 

MR1L 4.66 1.2 

MR2L 4.66 1.8 

MR3V 5.67 1 
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the case numbers “1”, “2” and “3” mean different values of 
the mushroom radius Rm. “V” represents the experimental test 
case. 

 
2.2 Computational meshes 

In the numerical simulations, multi-block structured grids 
are generated with the commercial software ANSYS ICEM 
11.0. Fig. 4 illustrates the meshes for labyrinth seals in origi-
nal design and worn cases. For the worn cases, O-type grids 
are built near the wall surfaces to improve the mesh quality. In 
all cases, the minimum orthogonalities of the computational 
meshes are controlled above 30°. To capture the flow physics 
in boundary layers, the near wall grids are refined to resolve 
the gradient of flow variables. The growth factor of meshes 
near wall is set to 1.2, and the wall adjacent cell distance is set 
to be 0.001 mm, which ensures y+<1 in most part of the com-
putational domain. 

Table 4 shows the grid sensitivity analysis for the original 

design case with three mesh densities. It indicates that the grid 
density has little influence on the computed leakage rate as the 
grid number reaches above 0.6 million. Finally, the mesh 
number for original design case is selected to be 1.2 million, 
and the mesh number for the worn case is increased to 1.7 
million dues to the complex flow patterns in seal chambers. 

 
2.3 Computational methods 

The commercial software ANSYS CFX 11.0 is adopted to 
solve the three-dimensional compressible RANS (Reynolds 
averaged Navier-Stokes) equations. The air ideal gas model is 
used to simulate the gas property in labyrinth seal. A high-
resolution scheme [21] is adopted for the discretization of 
advection term. To solve the turbulence flow information, 
SST k-ω and k-ε turbulence models are used and compared 
with each other. 

The inlet and outlet boundary conditions in labyrinth seals 
are set according to the experimental tests. At the seal inlet, 
the total pressure (depending on pressure ratio) and tempera-
ture (303.15 K) are specified. At the seal outlet, the averaged 
static pressure (97.5 kPa) is opposed. Since there is no heat 
transfer involved in the experimental tests, all wall boundaries 
are assumed to be adiabatic.  

As the root mean square residuals of continuity equation, 
momentum equations, energy equation and turbulence equa-
tions reach 10-6, the iterations are considered to be converged. 

 
2.4 Definitions 

The pressure ratio p  is defined by 
 

0

1

P
P

p =                                       (1) 

 
where 0P  is the inlet total pressure, and 1P  is the outlet 
static pressure. 

The leakage ratio x  is defined by  
 

worn

design

m
m

x =                                  (2) 

 
where wornm  is the leakage rate of worn case, and designm  is 
the leakage rate of the original design case (cr = 1.2 mm). 

The Reynolds number is defined by  
 

Vd mRe
B

r
m m

= =         (3) 

 

i k 
j 

 
(a) Design case 

 

 
(b) Backward bending 

 

 
(c) Forward bending 

 

 
(d) Mushrooming 

 
Fig. 4. Meshes for different models. 
 

 

Table 4. Computed leakage rates with different mesh densities (π = 1.5). 
 

Grid number Leakage rate (kg/s) Experiment (kg/s) 

600000 0.072037 

1200000 0.072039 

2420000 0.071973 

0.0722 
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where r is the fluid density. m is the fluid dynamic viscosity. 
V is the characteristic velocity. d is the characteristic length. B 
is the width of test section. 

 
3. Experimental setup 

The experimental tests were conducted on a subsonic open 
loop test rig, which is located in Turbomachinery Laboratory 
at Xi’an Jiaotong University. It mainly consists of flowmeter, 
control valves, smoke generator, calming section, contraction 
section, test section, and PIV measurement system (CCD 
cameras, laser generator, etc.). Fig. 5 shows the diagrammatic 
sketch of the test rig. In the experimental tests, the air at at-
mospheric pressure and ambient temperature is pressurized by 
a screw compressor. The maximum pressure of the air at 
compressor outlet can be reached up to 0.7 MPa. A ROTORK 
turbine flowmeter QWLJ-080 is installed downstream the 
compressor to measure the mass flow rate of air. The meas-
urement uncertainty of the flowmeter is ±1 % if the mass flow 
rate ranges from 0.028 kg/s to 0.14 kg/s. If the mass flow rate 
is less than 0.028 kg/s, the maximum measurement uncer-
tainty will be ±2 %. Downstream the flowmeter, a smoke gen-
erator is installed to seed the flow with particles. The com-
pressed air enters the calming section to adjust the flow in the 
test section. In the calming section, a turbulence grid with 
0.5 mm diameter wires is installed to generate a uniform flow 
condition at the inlet of test section. The photograph of the test 
rig is illustrated in Fig. 6. 

Fig. 7 shows the close-up view of test section. The test 
channel is 180 mm in length, 320 mm in width and 17.4 mm 
in height. The inlet temperature T0 and total pressure P0 of the 
leakage flow are measured with a K-type thermocouple and a 
total pressure probe, respectively. The static pressure in each 
chamber is measured with the hydrostatic probes. The uncer-
tainties of measured temperature and pressure are about ±0.3 K 
and ±10 Pa, respectively. The uncertainty of piezoelectric 
transducer for the probe is 0.7 ‰. In this study, four different 
test sections are considered, which are illustrated in Fig. 8. 

Particle image velocimetry (PIV) technique is used to visu-
alize the meridian velocity fields in labyrinth seals. The PIV 
measurements are performed independently from the leakage 
rate measurements. The PIV measurement contains four steps: 
(1) Seeding the flow with particles, (2) illuminating the parti-

cles with a laser sheet, (3) recording two successive images 
with a double exposure camera synchronized to laser pulses, 
(4) post-processing the measured velocity fields. Fig. 9(a) 

 
① screw compressor ② flowmeter ③ smoke generator  
④ calming section ⑤ contraction section ⑥ total pressure probe  
⑦ thermocouple ⑧ laser generator ⑨ PIV camera ⑩ test section 
 
Fig. 5. Schematic diagram of the test rig. 

  
① flowmeter ② smoke generator ③ calming section  
④ contraction section ⑤ test section ⑥ CCD camera  
⑦ laser generator 
 
Fig. 6. Photograph of the test rig. 
 

 
 
Fig. 7. Detailed view of the test section. 
 

  
        (a) Design case                  (b) BB1L 
 

  
           (c) FB1L                    (d) MR3V 
 
Fig. 8. Photographs of the tested seals. 
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shows PIV system in the present study. To generate liquid 
particles, the fog smoke liquid (DJ Power) is atomized by a 
smoke generator (label ③ in Fig. 5) in the seeding system. In 
the test section, perspex material is used as the window for 
PIV measurements. The perspex wall, where is not used for 
the laser penetration and image taken, is painted black in the 
visualization tests. To reduce the influence of natural light, all 
PIV measurements are carried out in the evenings. In the illu-
minating system, an Nd:YAG dual cavity pulse laser is 
adopted to provide two pulses with 145 mJ/pulse at 532 nm. 
The pulse rate is fixed at 15 Hz. In the measurement, the col-
linear laser beams are directed to an optical laser sheet to form 
optics module, which illuminates the view of interest in test 
section. In the present study, the side surface of test section is 
selected as the view surface, and the upper and bottom parts 
are selected respectively as the illuminating surfaces for worn 
cases. The laser pulses are synchronized with a delay genera-
tor (BNC Nucleonics) which controlled the lamps and Q-
switches, and permits hundreds of nanoseconds time delays 
between two pulses. The delay generator also triggers and 
synchronizes the PIV camera double frame to the laser pulses. 
An Imager sCMOS Camera (La Vision) with 5.5-megapixel 
double frame mode is used for PIV measurements, and it op-
erates with CamLink frame grabber. The performance of this 
camera is: inter-frame time < 200 ns, pixel size 6.5 μm × 
6.5 μm, maximum resolution 2560 × 2560 pixel at 50 Hz. A 
fast photodiode (EOS) is used to monitor the actual time delay 

between the light pulses. At a range of pixel resolutions, the 
cross-correlation algorithm is adopted at each cell in two im-
ages to derive the velocity fields. As shown in Fig. 9(b), the 
local velocity vector of particle can be computed by the parti-
cle displacements in time interval ∆t. In the present measure-
ments, typical PIV measurement uncertainty of sub-pixel ac-
curacy can be achieved less than 1 % of the main flow speed 
under test conditions. 

For each bending or mushrooming case, it is necessary to 
carry out two PIV measurements from the bottom and top 
surfaces, respectively. This is because the light sheet would be 
blocked by the bending arc or mushroomed part (see the grey 
areas in Fig. 10). The velocity fields in the whole seal region 
can be obtained by adding two PIV measurements together. 

 
4. Results and discussion 

4.1 Predictions versus measurements 

Fig. 11 compares the predicted leakage rates with meas-
urements for the original design, BB1L, FB1L and MR3V 
cases at a range of pressure ratios. It is observed that, for the 
original design case, both SST k-ω turbulence model and k-ε 
turbulence model agree well with the experimental data. 
However, for the worn cases, only the predictions with SST k-
ω turbulence model match well with the experimental data, 
and the maximum deviations between predictions and meas-
urements are within 3 %. For the k-ε turbulence model, it 
over-predicts the leakage rates for worn cases by about 10 %. 
Moreover, compared with the original design case, the leakage 
rates for bent and mushroomed labyrinth seals are increased, 
significantly. 

Fig. 12 compares the predicted static pressure in each cham-
ber with the experimental data. The locations of pressure 
probe have already been illustrated in Fig. 7. The open sym-
bols represent the predicted values, and the lines represent the 
predicted averaged static pressure along axial direction. It is 
evident that the CFD results match well with the experimental 
data. The deviation between prediction and measurement is 
within 2 %. In general, the SST k-ω turbulence model has a 
high accuracy in predicting the leakage rate, flow structures 
and also pressure fields in the seal, in contrast to the k-ε turbu-
lence model. 

Fig. 13 compares the predicted meridian flow fields with 
PIV measurements for the original design case. It is seen that 
there is a large scale of vortex formed in each chamber. Note 

 
(a) PIV system 

 

 
(b) Velocity vector of a particle 

 
Fig. 9. The principle of PIV measurements.  

 

 
 
Fig. 10. Schematic diagram of laser projection. 
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that the predicted velocity vectors match well with the ex-
perimental data. In addition, for the design case, the predicted 
flow fields are similar for SST k-ω turbulence model and k-ε 
turbulence model. 

Fig. 14 illustrates the flow fields in the backward bending 
case. It is observed that there are two vortices located near the 
bending arc (label A and B in Fig. 14(a)). The small vortex 
downstream the fin tip (label B in Fig. 14(a)) is generated due 
to flow separation and reattachment, which have pronounced 
influence on the impingement angle of leakage jet near clear-

ance gap. 
Fig. 15 compares the predicted flow fields in the forward 

bending case with PIV measurements. Unlike the backward 
bending case, two counter-rotating vortices are formed in each 
chamber for forward bending case. This flow pattern enhances 
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Fig. 11. Comparisons of predictions and measurements for leakage rates. 

 

X (mm)

Pr
es
su
re
(k
Pa
)

0 50 100 150 200
90

100

110

120

130
Cr=1.2mm,EXP.
Cr=1.7mm,EXP.
Cr=2.2mm,EXP.
Cr=2.7mm,EXP.
Cr=1.2mm,CFD,P
Cr=1.7mm,CFD,P
Cr=2.2mm,CFD,P
Cr=2.7mm,CFD,P
Cr=1.2mm,CFD,Ave
Cr=1.7mm,CFD,Ave
Cr=2.2mm,CFD,Ave
Cr=2.7mm,CFD,Ave

 
 
Fig. 12. Comparisons of predictions and measurements for staic pre-
sures in seal chambers (design case, π = 1.35). 

 

 
(a) PIV measurements 

 

 
(b) CFD, SST k-ω model 

 
20

 
(c) CFD, k-ε model 

 
Fig. 13. Velocity fields in labyrinth seal for original design case (π = 
1.1, Re = 5200). 
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the kinetic energy dissipations in the chamber in contrast to 
the backward bending case. Compared with the PIV meas-
urements, the SST k-ω turbulence model exhibits higher accu-
racy in predicting the flow fields than that of k-ε turbulence 
model, especially in the first chamber. 

Fig. 16 shows the meridian flow fields in the mushroomed 
case. The flow patterns in each chamber are quite similar to 
the design case. Due to the round tips, the streamlines near the 
fin tip is slightly curved, especially in the first chamber. 

From the above discussion, it indicates that the SST k-ω 
turbulence model has a higher accuracy in predicting the leak-
age rate and flow patterns in the labyrinth seal, especially for 
the worn cases. Therefore, the SST k-ω turbulence model is 
finally adopted to analyze the effect of bending and mush-
rooming damages on leakage performance of labyrinth seals. 

 
4.2 Effect of bending and mushrooming on leakage 

Fig. 17 plots the leakage ratios ξ for the backward bending 
and forward bending cases at two pressure ratios. It is seen 
that, for all cases, ξ is almost linearly increased with the in-
crease of effective clearance (cr

*). With the same effective 
clearance (cr*) and the unbent height (U), the forward bending 

with small unbent height (see FB2 and BB2, FB3 and BB3 in 
Fig. 17) has lower leakage ratio ξ than that of backward bend-
ing case. However, with large unbent height (see FB1 and 
BB1 in Fig. 17), the leakage ratios ξ for forward bending and 
backward bending cases are almost the same in large clear-
ance cr* cases. Therefore, labyrinth fin with larger flexibility 
has less degradation of leakage performance in rubbing events. 
Another observation is that, for the forward bending case, FB2 
almost has the identical leakage ratio ξ with FB3. This indi-

 
(a) PIV measurements 

 

  
(b) CFD, SST k-ω model 

 

 
(c) CFD, k-ε model 

 
Fig. 14. Velocity fields in labyrinth seal for BB1L case (π = 1.05, Re = 
24000). 

 

 
(a) PIV measurements 

 

 
(b) CFD, SST k-ω model 

 

 
(c) CFD, k-ε model 

 
Fig. 15. Velocity fields in labyrinth seal for FB1L case (π = 1.05, Re = 
27000). 

 
 

   
(a) PIV measurements 

 

 
(b) CFD, SST k-ω model 

 

 
(c) CFD, k-ε model 

 
Fig. 16. Velocity fields in labyrinth seal for MR3V case (π = 1.05, Re
= 32000). 
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cates the unbent height would have little effect on the leakage 
ratio if it decreases to a certain value (in this study, U < 
5.27 mm) for the forward bending damage.  

Fig. 18 illustrates the streamlines near the first clearance 
gap in the backward bending case (BB2M) and the forward 
bending case (FB2M) with the same effective clearance (cr

*) 
and unbent height (U). It is seen that the FB2M case has a 
stronger vena-contracta effect than that of BB2M case (see cr’ 
in Fig. 18). The stronger vena-contracta effect will lead to a 
smaller discharge clearance and larger chamber vortices, 
which enlarge the kinetic energy dissipation in the chamber 
for the leakage flow. This is why the forward beading case has 
a lower leakage rate than that of backward bending case with 
the same effective clearance and unbent height (see Fig. 17). 

Fig. 19 plots the relations between leakage ratio ξ and bend-
ing angle β for bending cases. Similar with Fig. 17, the for-
ward bending case has a lower leakage ratio ξ than that of 
backward bending case with the same bending angle. It is also 
seen that ξ is increased with the increase of β except the large 
backward bending case (BB3L). However, as β is increased 
close to 180 degrees, ξ for forward bending case is almost 
equal to that of backward bending case. These trends can be 
explained by Fig. 20, which shows the flow fields near the 
first clearance gaps for the bending cases (BB1L, BB2L, 
BB3L, FB1L, FB2L and FB3L) with the same effective clear-
ance cr

*. It is clearly seen that the discharge clearances (cr’) for 

backward bending and forward bending are very close as β is 
close to 180 degree (Fig. 20(a)). However, as β decreases, the 
discharge clearance (cr’) for the forward bending case is much 
smaller than the backward bending case. As a result, the leak-
age ratio for the forward bending case is much lower than the 
backward bending case. Another observation is that the effec-
tive clearance cr

* is almost equal to the discharge clearance (cr’) 
for the backward bending cases. However, for the forward 
bending cases, the discharge clearances (cr’) are smaller than 

 
(a) π = 1.1 

 

 
(b) π = 1.5 

 
Fig. 17. Leakage ratio versus effective clearance for bending cases. 
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Fig. 18. Streamlines near the first clearance for bending cases (π = 1.1). 

 
 

b (°)

x

30 60 90 120 150 180
2

3

4

5

6

7

8

BBS
BBM
BBL
FBS
FBM
FBL

 
(a) π = 1.1   

 

b (°)

x

30 60 90 120 150 180
2

3

4

5

6

7

8

BBS
BBM
BBL
FBS
FBM
FBL

 
(b) π = 1.5 

 
Fig. 19. Leakage ratio versus bending angle for the bending cases. 
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the effective clearance cr
*. In general, for the bending cases, 

the discharge behaviors, including the leakage rate and flow 
patterns, are quite sensitive to the effective clearance and 
bending geometries which affect the discharge clearance sig-
nificantly near the gap. 

Fig. 21 shows the leakage ratios ξ versus effective clearance 
cr* for mushrooming cases at two pressure ratios. Similar with 
the bending cases, ξ is almost linearly increased with the in-
crease of cr*. However, as the mushrooming radius Rm in-
creases, ξ is increased slightly. It is observed that ξ is in-
creased by about 4 % as Rm increases from 1.2 mm to 1.8 mm.  

This can also be explained by the flow patterns in the laby-
rinth seal, as shown in Fig. 22. It is seen that the labyrinth fin 
with a smaller mushrooming radius Rm is more likely to pro-
duce flow separation, which leads to a stronger vena-contracta 
effect. Therefore, the discharge clearance for the MR2M case 
is slightly larger than that of MR1M case, and also the vortices 

in seal chamber for the MR2M case are slightly larger than 
that of MR1M case.  

Fig. 23 plots the leakage ratios ξ versus pressure ratio π for 
the worn cases. It is seen that, for the bending cases, ξ is 
slightly increased from π = 1.05 to 1.1, and then decreased 
with the increase of π. For the mushrooming cases with small 
clearances (MR1S and MR2S), ξ is slightly increased from π 
= 1.05 to 1.1, and then decreased with the increase of π. How-
ever, for the mushrooming cases with large clearances 
(MR1M, MR1L, MR2M and MR2L), ξ is decreased from π = 
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    (a) BB1L (Re = 37800)            (b) FB1L (Re = 37800)  
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    (c) BB2L (Re = 37600)            (d) FB2L (Re = 32500) 
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Fig. 20. Streamlines near the first clearance for bending cases with 
same effective. 
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Fig. 21. Leakage ratio versus effective clearance for the mushrooming 
cases. 
   
 

      *
rc  rc¢  

*
rc  rc¢   
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Fig. 22. Streamlines near the first clearance for the mushrooming case 
with same effective clearances (cr* = 3.50 mm, π = 1.1). 
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1.05 to 1.5. This indicates the vena-contracta effect is en-
hanced with the increase of π, which has a very important 
effect on the leakage performance of mushroomed labyrinth 
seal. 

In general, the leakage ratio is varied slightly with the pres-
sure ratio, especially in the small bending and mushrooming 
cases. For the bending cases, the leakage ratio is sensitive to 
the bending angle and unbent height. For the mushrooming 
cases, however, it changes slightly with the mushrooming 
radius. After rub, the leakage degradation of straight-through 
labyrinth seal in backward bending case and mushrooming 
case are more serious than that in forward bending case.  

5. Conclusions 

In this paper, the effects of teeth bending (forward bending 
and backward bending) and mushrooming on leakage per-
formance of a straight-through labyrinth seal are investigated 
with experimental tests and numerical simulations. The major 
findings are as follows: 

(1) For the original design case, the predicted leakage rates 
with k-ε and SST k-ω turbulence models are almost identical. 
The predictions agree well with the experimental data. How-
ever, in the bent and mushrooming cases, the k-ε turbulence 
model over-predicts the leakage rate by about 10 %, while the 
difference between predicted leakage rate and measurement is 
within 3 % for SST k-ω turbulence model. For the flow fields, 
k-ε and SST k-ω turbulence models almost have the same 
accuracy in resolving the vortex system for the original design 
cases. However, in the bent case with large separations in seal 
chambers, the SST k-ω turbulence model has a higher accu-
racy in resolving the counter-rotating vortices than the k-ε 
turbulence model. 

(2) For the mushrooming case, the discharge behavior is 
mainly determined by the effective clearance and slightly 
affected by the mushroom radius. As the mushroom radius 
increases from 1.2 mm to 1.8 mm, the leakage ratio is only 
increased by about 4 %.  

(3) For the bending case, the discharge behavior is mainly 
affected by the effective clearance and bending geometries 
(bending angle) at the fixed pressure ratio. The leakage ratios 
for the forward bending cases are smaller than those for the 
backward bending case due to decreased discharge clearances. 
As the bending angle is close to 180 degrees, the leakage ratio 
of forward bending case is almost equal to that of backward 
bending case. As the unbent height U decreases to a certain 
value, it will have little influence on the leakage ratio for the 
forward bending damage labyrinth seal. However, labyrinth 
fin with larger flexibility will mitigate the leakage degradation 
of straight-through labyrinth seal in rubbing events. 

(4) For bending and mushrooming cases, the leakage ratio is 
slightly decreased with the increase of pressure ratio except in 
small pressure ratio condition (around 1.05-1.1). 
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Nomenclature------------------------------------------------------------------------ 

B : Width of test section [mm] 
cr : Clearance in design case [mm] 
Hs  : Tooth height [mm] 
Ls  : Pitch [mm] 
P  : Pressure [Pa] 
Rb  : Bent radius [mm] 
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(a) Backward bending   
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Fig. 23. Leakage ratio versus pressure ratio for worn cases. 
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Re : Reynolds number 
Rm  : Mushroom radius [mm] 
Sm : Distance between two mushroom arcs [mm] 
T : Temperature [K] 
U  : Unbent height [mm] 
W  : Thickness of tooth tip [mm] 
Wr  : Thickness of tooth root [mm] 

 
Greek symbols 

α : Tooth angle [°] 
β : Bent angle [°] 
μ : Fluid dynamic viscosity coefficient[Pa·s] 
π : Pressure ratio [-] 
r  : Fluid density[kg/m3] 
ξ : Leakage ratio [-] 

 
Superscripts 

* : Effective value 
’  : Discharge value 

 
Subscripts 

0 : Inlet condition 
1 : Outlet condition 

 
Abbreviations 

BB : Backward bending 
FB : Forward bending 
L : Large rub 
M : Medium rub 
MR : Mushrooming 
SST : Shear stress transport 
S : Small rub 
V : Validation by experiment 
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