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Abstract 
The labyrinth seal clearance is an important geometric parameter that affects the labyrinth seals. 

Its reasonable design value is not only beneficial for improving the efficiency and stability of the 
engine, but also for enhancing the safety of the engine. However, the current analysis and prediction 
methods for the radial growth of the labyrinth seal clearance during the transition process are still 
constrained by computational power, and cannot quickly evaluate the radial clearance deformation 
of the labyrinth seal during the transition process. This paper proposed a transient secondary air 
system thermal-fluid-structure coupling fast prediction model, which reduced the dimensionality of 
the high-dimensional solid model on the basis of the transient thermal-fluid coupling network model. 
Therefore, the model had the ability to quickly predict the radial growth of the labyrinth seal clearance 
during the transition process, and a thermal-fluid-structure coupling test platform for labyrinth seals 
was established in a laboratory environment for experimental verification. The verification results 
showed that the fast prediction model ensures an accuracy of predicting radial growth of the labyrinth 
seal clearance during the transition process within 10% (maximum relative error is 8.54%). The 
simulation time is shortened to about 8 minutes. 
Keywords: Labyrinth seals；thermal-fluid-structure coupling；Transient Process；Experimental 
verification 

1. Introduction 
The labyrinth seal is a typical rotary static seal element. It is widely used in the secondary air 

system of aero engines due to its good stability and high reliability. The seal clearance is the most 
critical geometric parameter affecting the performance of labyrinth seals. Excessive seal clearance 
can lead to a decrease in engine efficiency and aerodynamic stability, while too small seal clearance 
can increase the risk of friction between the rotor and stator and reduce engine safety. During the 
actual operation of the engine, the labyrinth seal clearance is in a complex environment with 
changing boundary conditions. It is constantly affected by changing aerodynamic loads, centrifugal 
loads, and thermal loads, resulting in the actual seal clearance value of the labyrinth seal also 
changing. In recent years, there have been multiple failures such as in-flight Shutdown, rotor 
Clamping fault, and seal ring fractured caused by deviation in the seal clearance, which have 
seriously endangered the normal and safe operation of aero engines[1]-[2]. Therefore, during the 
engine design phase or real-time prediction environment, as the performance requirements and 
structural complexity of the engine gradually increase, it is increasingly necessary to have the ability 
to quickly evaluate and predict the radial growth of the labyrinth seal clearance during the transition 
process. 

As the most important geometric parameter affecting the sealing performance of the labyrinth 
seals, seal clearance has been studied by many researchers on the impact of changes in seal 
clearance on their performance. Among them, Subramanian S et al. [3]-[6] used finite element 
commercial software and analytical algorithms to decouple and calculate the centrifugal deformation 
and thermal deformation of labyrinth seals, and analyzed the contribution of centrifugal deformation 
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and thermal deformation to the deformation of the labyrinth clearance; Kong et al. [7]-[9] analyzed 
the effects of different clearances, teeth numbers, and rotational speeds on the leakage performance 
of labyrinth seals in compressor stages. They conducted experimental verification in a laboratory 
environment and found that the seal clearance has a significant impact on the leakage flow rate.  

However, it is difficult to accurately provide the simulation boundary for the deformation analysis 
of labyrinth seals in the engine environment. Therefore, the above researches mainly focused on the 
leakage characteristics of a single labyrinth seal element under steady-state conditions. 

To solve the problem of insufficient boundary accuracy in the deformation analysis of labyrinth 
seals, researchers used the full three-dimensional thermal-fluid-structure coupling solution method 
to analyze the mass flow, heat transfer, thermal conductivity, and deformation characteristics. 
Valencia A G et al. [10] considered the thermal (working) clearance of the labyrinth seal and 
established a coupled simulation of turbine hub cavities combining CFD and FE. However, it took 3-
4 days for them to simulate a steady-state point calculation; Lück et al. [11] used implicit MFX 
coupling and explicit manual coupling method respectively to analyze the transient thermal-fluid-
structure coupling of labyrinth seal clearance. They found that explicit manual coupling method is 
more effective, and also demonstrated that there is not much difference between 2D model and 3D 
model. Therefore, 2D model can be used to replace 3D model for simulation acceleration. Amirante 
et al. [12]-[14]proposed a mesh deformation method suitable for transient thermal-fluid-structure 
coupling calculation based on the analogy method of elastic media, which was applied to the analysis 
of labyrinth seal clearance in turbine stages. This type of method has high solving accuracy, but it 
has not been widely used in the industry. The reason is that full 3D simulation requires extremely 
high computing power, with a computing speed of over 1012 times per second, and requires a 
considerable amount of computing and time resources;  

Thus, some researchers, to reduce computational costs, use low-dimensional fluid network 
models instead of high-dimensional fluid calculation models to achieve multi-dimensional and multi-
physical field coupling analysis of the labyrinth seal clearance. Tondello et al. [15] established a low-
dimensional fluid network model and a high-dimensional thermal structural analysis model for 
steady-state labyrinth seal clearance analysis of typical secondary air systems. Ganine et al. [16] 
established a multidimensional and multi-physics field coupling model, and conducted transient 
calculations on the labyrinth seal, obtaining the variation of the seal clearance during the acceleration 
process. Giuntini et al. [17] conducted secondary development based on the CalculiX program and 
analyzed the transient thermal-fluid-structure coupling of an acceleration and a deceleration process, 
obtaining the deformation of four labyrinth seal clearances during the transition process. However, 
even if a multi-dimensional and multi-physics field coupling analysis model is used, it still requires a 
long calculation time and cannot meet the demand for fast prediction of radial growth deformation of 
labyrinth seals during the transition process in the design process, it is also impossible to achieve 
the real-time prediction of aero engine state during the transition process. 

In conclusion, the current main methods for studying the radial growth of labyrinth seal clearance 
during the transition process have the problem of long calculation time. The main reason is that the 
current research methods require the establishment of three-dimensional/two-dimensional models 
of labyrinth seals and related solid geometry, which requires considerable amounts of computational 
resources and time in the calculation process. In response to the above issues, this paper has 
reduced the dimensionality of high-dimensional solid models and formed a transient secondary air 
system thermal-fluid-structure coupling fast prediction model. This model further reduces calculation 
time while ensuring calculation accuracy. 

2. Method 
On the basis of the transient thermal-fluid coupling network model formed by coupling the 

transient fluid network and the solid thermal network, this paper establishes a radial growth prediction 
module, as shown in Figure 1, to form the transient secondary air system thermal-fluid-structure 
coupling fast prediction model. This model considers energy conservation and mass flow 
conservation. Once the transient process of the secondary air system occurs in the model, which 
deviates from the design point of the calculation model, the following calculations are performed at 
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each time step: Firstly, the fast prediction model calculates the mass flow rate of each fluid element 
due to pressure imbalance; Secondly, based on the heat transfer process occurring at different 
elements, the fast prediction model uses empirical heat transfer formulas to calculate the air 
temperature and solid temperature; Then, the fast prediction model calculates the rotor deformation 
based on the rotor temperature distribution and rotational speed of the labyrinth seal disk, and 
calculates the stator deformation based on the temperature of the stator and the pressure of the 
inner and outer rings, obtaining the deformation in the labyrinth seal clearance at the current time 
step; Finally, the fast prediction model transfers the deformation of the labyrinth seal clearance to 
the corresponding labyrinth seal element, starting a new iteration at the current time step until 
convergence.  
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Figure 1 - Schematic of Fast prediction model diagram 

2.1 Thermal-fluid coupling network 
the transient thermal-fluid coupling network model contains two parts: the transient fluid network 

and the solid thermal network. The transient fluid network is used to calculate the flow parameters 
of each flow path in the secondary air system, including mass flow rate, gas pressure, and gas 
temperature. The solid thermal network calculates the solid temperature through convective heat 
transfer components and solid conduction components. The mathematical models of various 
components will be introduced in the following sections. 

2.1.1 The transient fluid network 
The transient fluid network is used to model the engine secondary air system. The transient fluid 

network abstracts the secondary air system as chamber elements and flow resistance elements 
(Including hole, gap and labyrinth seal, and other elements), which are connected to each other to 
form a fluid network. The chamber element considers transient volume effect and gas inertia, while 
the other flow resistance elements are connected between the chamber elements. 

Modelling of the chamber element 
The chamber element is considered to be a larger volume cavity structure within the secondary 

air system (considered as a node in steady-state calculations), satisfying the following assumptions 
in the model [18]: 
 The gas velocity inside the chamber element is low enough to ignore the difference in 

total/static parameters inside the chamber element; 
 The inlet area of each branch is much smaller than the surface area of the chamber; 
 The chamber element adopts a lumped assumption, which means that the internal flow 

parameters are only related to time and not to space; 
Based on the above assumptions, the transient fluid network establishes a schematic of the 
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chamber element as shown in Figure 2. Where Wv,i is the mass flow of the i-th path, Qv,j is the heat 
flow of the j-th heat transfer zone connected to the chamber, Av is the inlet/outlet area, pv is the air 
static pressure, *

vp is the air total pressure, Tv is the air static temperature, *
vT  is the air total 

temperature, ω  is the angular velocity. In the chamber element, calculate the gas density vρ  
according to the following equation: 

 =
*
v

v *
vR

pρ
T

 (1) 

Where, R is the gas constant. 

Wv,i>0

AV

Wv,i<0

 
Figure 2 – Schematic of the chamber element 

The transient fluid network considers the secondary air system as composed of multiple flow 
resistance elements and cavity elements connected. Assuming the number of flow paths (branches) 
connected to the cavity element is M and the number of convective heat transfer zones is N, the 
mass flow continuity equation and energy conservation equation of the cavity element are 
established as follows: 
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Where, V is the volume of the chamber, eV is the specific internal energy of the air inside the 
chamber, *

v,ih  is  the specific enthalpy of the the i-th path, t is the time , Pwin is the windage power, 
and for a stationary chamber, Pwin =0. 

Modelling of the labyrinth seal element 
The schematic of the straight labyrinth seal is shown in Figure 3, where c represents the seal 

clearance, rlab represents the radius of the labyrinth seal. 
The labyrinth seal element adopts the classic labyrinth sealing leakage equation to model the 

flow characteristics of the labyrinth, as follows [19]：  

 
( )

=
− lab

* 2 * 2 2 2
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lab *
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W
n T

p p B A
 (4) 

 lab lab= 2πA r c  (5) 

 = +0c c δ  (6) 

Where, Wlab is the mass flow of the labyrinth, *
lab,inp  and *

lab,outp are the total inlet pressure and 
outlet pressure of the labyrinth, B is the empirical coefficient of the labyrinth, Alab is the annular area 
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between the labyrinth tip and the stator. n is the number of teeth of the labyrinth, *
inT  is the total inlet 

temperature of the labyrinth, π  is the ratio of circumference to diameter, c0 is the initial seal 
clearance, and δ  is the deviation value of the clearance during the transition process. 

 
Figure 3 - Schematic of the straight labyrinth seal 

The clearance deviation value δ  includes two parts: the rotor deviation value and the stator 
deviation value. The deviation values are obtained by the radial growth prediction module. In this 
calculation, it is considered that the rotor radius is lower than the stator radius. Therefore, the 
deviation calculation is as follows: 

 s r= -δ δ δ  (7) 

Where, sδ is the stator deviation value, rδ is the rotor deviation value. 

2.1.2 The solid thermal network 
The thermal network model includes solid thermal nodes and solid thermal conductivity. The 

thermal conduction between solid thermal nodes is described by Fourier's law of thermal conductivity, 
forming a thermal conductivity resistance element. The Newton's law of cooling is used to describe 
the convective heat transfer between fluid networks and thermal networks, where the convective 
heat transfer coefficient H is calculated using an empirical equation based on the geometric 
characteristics and flow characteristics of the actual model. 

2.2 Radial growth prediction module 
The radial growth prediction module receives parameters such as fluid pressure, solid 

temperature, and rotational speed transmitted from the transient thermal-fluid coupling network 
model. The stator is mainly affected by thermal and aerodynamic loads. The structure of the stator 
is relatively simple, ignoring the temperature changes of the stator. The internal pressure of the stator 
is distributed in a stepped manner due to the influence of the labyrinth structure. It is equivalent to a 
linear distribution, as shown in the Figure 1. Based on the stress and strain calculation equation in 
elastic mechanics [20], a deformation displacement equation for the stator caused by thermal and 
aerodynamic loads is established as follows: 

 =s1 s s,in su α r T  (8) 

 ( ) ( ) ( )= +2 2 2
s2 s s,in in s,in out s,out s s,in s,out out in2 2

s s,out s,in

1 [ 1- - - 1 ( - )]
( - )

u ν r p r p r ν r r p p
E r r

 (9) 

Where, us1 and us2 are the deformations caused by thermal and aerodynamic loads on the stator, 

sα , Es and sν   are the linear expansion coefficient, elastic modulus, and Poisson's ratio of the stator 
material, rs,in and rs,out are the inner and outer radius of the stator, Ts is the temperature of the stator, 

inp  and outp  are total pressures at the inlet and outlet of labyrinth. 

In this module, the rotor structure is considered as a hollow equally thick rotating disk as shown 
in Figure 4. The cooling flow path passing through the disk center usually has a lower temperature, 
while the labyrinth seal located at the high radius of the rotor is exposed in the core flow path with 
higher temperature. Therefore, the following assumptions are made regarding the structure of the 
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rotor disk: 
 The rotor only considers the thermal and centrifugal deformation caused by thermal and 

centrifugal loads, ignoring the deformation caused by rotor vibration; 
 The rotor only considers the influence of the non-uniformity of temperature distribution along 

the radial direction on the clearance, ignoring the influence of the non-uniformity of 
temperature distribution along the axial direction; 
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(a) – frontal view (b) – side view 

Figure 4 – Schematic of Rotor 
During engine operation, the non-uniformity of temperature distribution along the radial direction 

of the rotor disk is significant and cannot be ignored. Therefore, the rotor disk is divided into multiple 
lumped solid thermal nodes along the radial direction, and the calculated values of each thermal 
node are used to represent the equivalent temperature of each part, as shown in Figure 4 (b). 
According to the theory of elasticity [20], the calculation formulas for discrete thermal deformation 
and centrifugal deformation of rotor components are constructed as follows: 
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Where, ur1 and ur2 are the deformations caused by thermal and mechanical loads on the rotor, 

rρ , rα , Er and rν  are the density, linear expansion coefficient, elastic modulus, and Poisson's ratio 
of the stator material, rr,in and rr,out are the inner and outer radius of the rotor, ri is the radial position 
of the i-th thermal node, T(ri) is the solid temperature at the i-th thermal node, ∆ ir  is the radial division 
length of the i-th thermal node. 

Based on the actual assembly position of the rotor and stator (usually the rotor radius is lower 
than the stator radius), the radial growth prediction module calculates the actual transition process 
labyrinth seal clearance (see equation 12-14), and transmits it to the labyrinth seal element to 
achieve fast prediction of the radial growth of seal clearance during the transition process: 

 = +s s1 s2δ u u  (12) 

 = +r r1 r2δ u u  (13) 

 = + − −1 2 1 2s s r rδ u u u u  (14) 
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3. Experiment & Simulation 

3.1 Experimental system 
Figure 5 shows the overall layout of the experimental system, which consisted of a supply and 

exhaust component, a gas heating component, a rotating mechanical drive component, a console 
component, and a data acquisition component. Three screw compressors could provide a maximum 
continuous flow rate of 2.0kg/s at a pressure of 0.8Mpa. The experimental system heated the rotor 
disk to change the labyrinth seal clearance. The experimental system was equipped with a 60kw 
heater, with a maximum operating temperature of 500K. 
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Figure 5 – Schematic of experimental system 

3.2 Test rig 
This paper established a thermal-fluid-structure coupling test rig for labyrinth seals that can 

provide analogous criteria boundaries during the aero engine transition process in a laboratory 
environment. This experimental platform adopted a two-in two-out flow design scheme, as shown in 
the Figure 6. 

Cold Air 
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Cold Air 
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Maxed Air 
Outlet

Hot Air 
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Figure 6 – Schematic of rotating labyrinth seal test rig 

The experiment adjusted non-dimensional parameters such as rotational Reynolds number, flow 
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coefficient, and non-dimensional maximum temperature difference by controlling the motor speed, 
air supply valve opening degree, and electric heater temperature. The rotor adopted a double disk 
structure, with a balance disk on the left for balancing axial force and a coupling disk on the right for 
experimental verification. The stator was equipped with pressure, temperature, and displacement 
sensors, and a circulating water chamber was designed to suppress the deformation of the stator 
caused by hot air heating to control the heating effect of the hot air only on the rotor. 

3.3 Clearance measurement 
The measurement of labyrinth seal clearance was a core part of this experiment, which adopted 

a combination of static and dynamic testing method to obtain the labyrinth seal clearance during the 
transition process. In the stationary state, a feeler gauge was used to measure 12 uniformly selected  
positions in the circumferential direction (every 30 °) for testing, and the measurement was repeated 
multiple times to obtain the circumferential distribution of the labyrinth seal clearance in the initial 
state, as shown in Figure 7. The average value of 0.81mm was taken as the initial clearance value. 

Initial clearance test value
Average initial clearance value

 
Figure 7 - Static test location and measurement results 

In the rotating state, laser distance sensors were used to measure the deformation value of the 
rotor, and contact distance sensors were used to measure the deformation value of the stator, as 
shown in Figure 8 Therefore, the clearance measurement of the labyrinth seal during the transition 
process is as follow: 

 = − ∆ + ∆exp exp,0 exp,r exp,sc c c c  (15) 

Where, cexp is the clearance measurement value, cexp,0 is the initial clearance measurement 
value, ∆ exp,rc  is the rotor deformation measurement value, ∆ exp,sc  is the stator deformation 
measurement value. 
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Figure 8 - Installation diagram of two types distance sensors 
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3.4 Test boundary 
According to the working state of typical labyrinth seal structures in aero engines, the test 

inlet/outlet pressure and temperature boundaries are shown in Figure 9. During the experiment, the 
first 3600s was the heating stage of the experiment. The heater was turned on, and the inlet 
temperature of the hot gas branch rose, increasing the radial deformation of the rotor disk; The last 
3600s was the cooling stage of the experiment. The heater was turned off, and the inlet temperature 
of the hot gas branch decreased, reducing the radial deformation of the rotor disk. 
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(a) Test pressure boundary 
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(b) Test temperature boundary 

Figure 9 - Test pressure and temperature boundary 

3.5 Simulation model 
3.5.1 Rotor thermal network model 

The experiment used the method of heating the rotor disk to generate radial deformation of the 
labyrinth seal. Therefore, the model needed to simulate the temperature of the labyrinth disk 
precisely in order to accurately predict the evolution of the clearance during the transition process. 
The rotor thermal network model divided the heat transfer zones and established heat nodes based 
on the actual arrangement of temperature sensors, as shown in Figure 10. 
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Figure 10 – Schematic of rotor thermal network model 

3.5.2 Transient fluid network of test 
The transient fluid network model also adopted a lumped partitioning method to establish 

corresponding chamber nodes and flow resistance elements based on the actual experimental 
environment chamber structure, as shown in Figure 11. 
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Figure 11 - Schematic of transient fluid model for test 

4. Result 
Based on the fast prediction method, a low dimensional transient secondary air system thermal-

fluid-structure coupling fast prediction model for the laboratory environment was established. The 
model boundary was consistent with the actual experimental data, and predicted the radial growth 
of typical labyrinth seal structures. The simulation time for the transition process was about 8 minutes 
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(about 463 seconds). 

4.1 Rotor temperature results 
The main analysis target is the rotor disk on the right side of the test rig, and the solid thermal 

node corresponding to the simulation model is H01-H06, as shown in Figure 10. During the heating 
process, as the hot gas temperature rapidly rose, the temperature of the rotor disk also rose, showing 
a trend of rapid temperature rise in the beginning and then gradually flattening; During the cooling 
process, the rotor temperature also showed a trend of rapidly decreasing in the beginning and then 
gradually decreasing slowly. The reason for the above trends is that at the initial stage of temperature 
heating or cooling, there was a significant temperature difference between the rotor disk and the 
surrounding gas, resulting in a rapid temperature change stage caused by strong convective heat 
transfer. When the rotor disk temperature gradually approached the temperature of the surrounding 
gas, it entered the stage of slow temperature change. During the simulation process, the temperature 
predictions for each zone of the right rotor disk were in good agreement with the experimental 
measurements, with a maximum absolute error of 4.26K, as shown in Figure 12. 
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(d) Node H04 (e) Node H05 (f) Node H06 

Figure 12 - Comparison between simulation and experimental data of rotor disk temperature 

4.2 Labyrinth seal clearance results 
As shown in Figure 13, the simulation values of the labyrinth seal clearance were consistent 

with the experimental data trend, except a certain error with a maximum relative error of 8.54%. The 
variation of labyrinth seal clearance was composed of stator deformation and rotor deformation. In 
this experiment, the stator deformation was much smaller than the rotor deformation due to the 
cooling water. Therefore, the deformation of labyrinth seal clearance is mainly affected by the thermal 
deformation of the rotor. In the heating section, the seal clearance gradually decreased, while in the 
cooling section, the seal clearance gradually increased. Similar to the temperature change trend of 
the rotor disk, the labyrinth seal clearance also has two parts of rapid deformation process and slow 
deformation process. However, the simulation values of the radial temperature distribution of the 
rotor disk were in good agreement with the experimental data. Therefore, it is considered that the 
source of the error is the deformation error caused by the non-uniformity of the axial temperature 
distribution of the rotor disk. 
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(a) The labyrinth seal clearance (b) Relative Error 

Figure 13 - Comparison between simulation and experimental data of labyrinth seal 
clearance 

4.3 Fluid pressure and temperature results 
The labyrinth seal clearance had a significant impact on the front and rear chambers, as shown 

in Figure 13, corresponding to N02 and N03 of the simulation model. During the experiment, due to 
the continuous influence of hot gas temperature on the right rotor disk, the labyrinth seal clearance 
constantly changed, resulting in constant changes in the pressure and temperature of the front 
chamber of the labyrinth seal, as shown in Figure 14.  
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(a) N02 pressure (b) N02 temperature 

Figure 14 - Comparison between simulation and experimental data of front chamber (N02) 
Figure 14 (a) and (b) represent the pressure and temperature in the front chamber of the 

labyrinth seal, respectively. During the heating process, the labyrinth seal clearance downstream of 
the chamber continuously decreased, and the chamber pressure and temperature gradually 
increased; During the cooling process, there was a trend of gradually decreasing of chamber 
pressure and temperature. The simulation and experimental data of the pressure in the chamber 
were in good agreement, and the periodic fluctuations in the chamber are mainly affected by the 
upstream gas source; The simulation of chamber temperature and experimental data showed a 
consistent trend with time, except a maximum absolute error of 2.91K. This is because the 
assumption of the stator component as a hot node in the calculation process ignored the temperature 
gradient of the stator. The calculated temperature of the stator was lower than the actual measured 
temperature, increasing the heat transfer temperature difference, resulting in lower calculated 
chamber temperature than the experimental data. 
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Figure 15 (a) and (b) represent the pressure and temperature of the chamber after the labyrinth 
seal, respectively. During the heating stage, the upstream labyrinth seal clearance continuously 
decreased, and the upstream pressure continuously increased, leading to a gradual increase in the 
temperature and pressure of the downstream chamber; The cooling process also showed a gradual 
decrease in chamber pressure and temperature. However, there was an absolute error of 2.3 kPa 
between the simulated chamber pressure value and the experimental data. This is because the 
simulated value of the labyrinth seal clearance deformation is lower than the experimental data, so 
the simulated chamber pressure is slightly higher than the experimental data. The calculated 
temperature of the rear chamber is in good agreement with the actual measurement value, and the 
maximum absolute error is 2.47 K. 
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Figure 15 - Comparison between simulation and experimental data of rear chamber (N03) 

5. Conclusion 
This paper established the transient secondary air system thermal-fluid-structure coupling fast 

prediction model and compared it with experimental data for verification. The fast prediction model 
used experimental inlet/outlet temperature and pressure as simulation boundary conditions, and 
simulated the radial deformation process of the 7200s labyrinth seal clearance in a laboratory 
environment. The simulation time was only about eight minutes (about 463 seconds); By comparing 
the fast prediction model with experimental measurement data, the maximum relative deformation 
error of the labyrinth seal clearance was 8.54%; And it was found that the prediction of solid 
temperature and chamber temperature and pressure before and after labyrinth seal clearance was 
in good agreement. The maximum absolute error of solid temperature prediction was 4.26 K, the 
maximum absolute error of fluid pressure prediction was 2.3 kPa, and the maximum absolute error 
of fluid temperature prediction was 2.47 K. On the whole, the transient secondary air system thermal-
fluid-structure coupling fast prediction model adopted in this paper greatly reduces simulation 
calculation time while ensuring high accuracy in predicting radial clearance growth of labyrinth seals. 
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7. Nomenclature 
A area (m2) 
B empirical coefficient 
c seal clearance (m) 



Fast Prediction Method for Radial Growth of Labyrinth 
   

 

 

 

e specific internal energy (J·kg-1) 
E elastic modulus (N·m-2) 
h specific enthalpy (J·kg-1) 
H the convective heat transfer coefficient (W·m-2·K-1) 
M the number of flow paths (branches) 
n labyrinth seal teeth number 
N and the number of convective heat transfer zones 
p pressure (N·m-2) 
P power (J·s-1) 
Q heat flux (J·s-1) 
r radius (m) 
R the gas constant (J·mol-1·K-1) 
t time (s) 
T temperature (K) 
u deformation (m) 
V volume (m3) 
W mass flow (kg·s-1) 

8. Greek letters 
α  linear expansion coefficient  
δ  deviation value (m) 
Δ  variation 
ν  Poisson's ratio 
π  ratio of circumference to diameter 
ρ  density (kg·m3) 
ω  angular velocity (rad·s-1) 

9. Subscripts 
0 Initial parameter 
col cold air 
exp experiment data 
env environmental parameter 
hot hot air 
i the i-th branch 
in inlet parameter 
j the j-th heat transfer zone 
lab labyrinth parameter 
out outlet parameter 
r rotor parameter 
r1 thermal deformation of rotor 
r2 centrifugal deformation of rotor 
s stator parameter 
s1 thermal deformation of stator 
s2 pressure deformation of stator 
v chamber parameter 
win window power 
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10. Superscripts 
* Stagnation Parameter 
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