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Abstract. In this paper a method for reducing leakage in labyrinth seals is presented. This method is based 
on CFD calculations and consists in the analysis of the phenomenon of gas kinetic energy carry-over in 
chambers of the seal between gaps. It belongs to the group of geometrical inverse problems and is designed 
for seals of given outside dimensions. For straight through labyrinth seals it enables determining the number 
of teeth and their optimal arrangement. This method was developed based on numerical and experimental 
tests. Examples of numerical calculations presented in this paper prove that this method is effective for 
straight through seals. We obtained the reduction of leakage ranging from 8.7 to 9.4% relative to the initial 
geometry with no change in the outside dimensions of the seal. 

1 Introduction 
Labyrinth seals are widely applied in a variety of fluid-
flow machines such as steam turbines, gas turbines, 
compressors and blowing machines. Such seals reduce 
leakage in the space between, for example, stationary 
body and the rotating shaft or its elements such as the 
shroud of the blade ring. Labyrinth seals are highly 
impactful on the efficiency of high power machines. 
Straight through labyrinth seals are applied in steam 
turbines in spots far from the thrust bearings [1-3]. 
Inverse problems are widely applied to solve 
engineering problems [4-12]. In this paper the inverse 
problem related to the choice of the seal geometry to 
obtain minimal leakage is presented.  
Labyrinth seal prevent the leakage between two spaces 
of different gas pressure pin>pout (fig. 1). Due to the 
differential pressure gas flows in the labyrinth seal. 
Labyrinth seal operates in such a way that the flowing 
gas expands sequentially in gaps (fig. 1). In these places 
the gas pressure energy changes into the kinetic energy 
which results in a significant drop of the gas pressure in 
the region of the clearance (fig. 2a). In chambers 
downstream clearances occurs the dissipation of the gas 
kinetic energy to the heat as the result of the flow 
turbulence caused by static stresses between the flowing 
gas and the walls as well as by gas rotational movement. 
 

 
Fig. 1. Illustrative geometry of the straight through seal with 
marked gas flow 
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Fig. 2. Selected distribution of: a) the pressure, b) the gas 
density in the straight through seal for the pressure ratio 
pin/pout=2 

 
Generally, working medium flowing through the 
labyrinth seal is gas. In segments of the seal 
characterized by significant drop in pressure (pin/pout≥2) 
(fig. 2a) there occurs a noticeable change in gas density 
(fig. 2.b). From the gas flow continuity equation 
described by the dependence 
 m A c  (1)  
where: A - denotes the flow field in the clearance, ρ – 
density, c – gas velocity, it arises that the velocity of gas 
expanding while flowing through the gap increases (fig. 
3). Labyrinth seals applied today usually have chambers 
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of fixed dimensions. As a result of expanding gas flow 
in the seal between gaps, changing flow conditions 
occur there. In chambers occurs a non-uniform 
reduction of the gas velocity (fig. 5). This phenomenon 
was described in reference paper [13]. 

 

 
Fig. 3. Vectors of velocity fields in a chosen segment 

The leakage in seals is liable to the phenomenon of gas 
kinetic energy carry-over occurring between clearances 
(fig 3). This phenomenon is particularly intensive in 
straight through seals where the expanding gas stream 
flows through the whole chamber length with a high 
velocity. The degree of seal wear has considerable 
impact on the leak-tightness of the seal [14-16]. Leakage 
of the seal depends on such features of the seal geometry 
as pitch, length, and height of the chamber [17-20]. 
In paper [13] the relation between the increased number 
of teeth along the uniform length of the straight through 
seal and the leakage was analysed. It arises from data 
included in that paper that for the straight through seal 
there exists a range of seal pitch for which the smallest 
leakage was achieved. Moreover, it was proved that if 
too many teeth were applied the leakage in the seal 
increased. For a small tooth pitch, the nature of the gas 
flow in a straight-through seal is similar to that in a 
slotted seal [21]. Paper [22] presents the method for 
optimization of the stepped labyrinth seal with two 
teeth. Leakage reduction was obtained using CFD solver 
implemented to the TASCflow3 environment and 
Annealing optimization method. The place where the 
seal should be applied is usually determined at the stage 
of the flow machine design. For the given length and 
nominal size of the seal radial clearance the geometry of 
clearance characterized by minimal leakage is crucial. 

2 Optimization method 

Labyrinth seals designed nowadays have unchangeable 
geometry (lengths of chambers are the same) or 
sequentially repeated geometries of two or three 
chambers along the whole length of the seal segment. 
Sequentially repeated geometry results from 
technological conditions of producing the seal and the 
seal operation reliability. The method described below 
is dedicated for straight through labyrinth seals of the 
given length and inside and outside diameters. Leakage 
minimization is done by proper arrangement of seal 
teeth what means obtaining chambers of variable length.  

2.1 Choice of the initial geometry of the straight 
through seal for the method of optimization 

The initial geometry of the straight through seal (fig. 4) 
is characterized by the diameter D, height H, segment 
length LS and pitch length LP, tooth thickness B and the 
radial clearance RC. Geometries of straight through 
labyrinth seals used so far usually have the pitch-
chamber height ratio approximately equal to unity 
(LP/H≈1). From the paper [15] it arises that leakage in 
straight through seals is significantly lower when the 
geometry of the seal is characterized by the parameter 
(LP-B)/H approximately equal to 0.5. The value of the 
parameter (LP-B)/H is verified for the initial geometry. 
If its value differ significantly from the value of 0.5 then 
the number of seal teeth distributed uniformly along the 
given length LS is chosen in such a way to achieve (LP-
B)/H ≈ 0.5. And this geometry is used as the initial 
geometry for the optimization method.  

 
 

Fig. 4. Illustrative geometry of the straight through seal 

2.2 Assumptions for CFD calculations 

The geometry which is analysed is an axially symmetric 
geometry of 2D type. In the boundary layer minimum 
20 grid cells were assumed. Calculations included k-ω 
SST turbulence model. In the boundary layer, the 
condition that y+< 2 was kept. This paper presents 
results of stationary calculations of RANS type, 
including mass, momentum and energy conservation 
equations. 

2.3 Method for choosing the optimal pitch 

At the inlet to the seal the total pressure pin is known, 
and downstream the segment known is the static 
pressure pout. Based on these boundary conditions and 
the known initial geometry CFD calculations are 
performed. The method is based on the analysis of the 
distribution of the gas kinetic energy E(r,x) in the axial 
direction (direction of the main flow) in the particular 
region of the seal. Gas kinetic energy in the axial 
direction is defined as 

  
2

,
2


uE r x  (2) 

where u – the gas velocity into the axial direction. 
Method of adapting the geometry depending on flow 
conditions comprises in searching for local maximums 
of the non-dimensional gas kinetic energy into the axial 
direction emax(i) described by the following formula 
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where u – the gas velocity into the axial direction. 
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direction emax(i) described by the following formula 

 max min
max

max min

( )
( )





E i E

e i
E E

 (3) 

Lengths of the seal chambers depend on the distribution 
of local maximums of the kinetic energy along the whole 
length of the seal segment.  

3 Results of research 

The initial geometry is the segment of the straight 
through seal of the diameter D = 150 mm, segment 
length LS = 61 mm, segment height H = 10 mm, pitch 
length LP = 10 mm, tooth thickness B = 1 mm and the 
radial clearance RC = 0.4555 mm (fig. 5). This geometry 
has seven teeth and is characterized by the parameter 
(LP-B)/H equal to 0.9. 

 

Fig. 5. Initial geometry of the straight through seal used for 
experimental tests 

As a result of applying the optimization method, for the 
seal initial geometry a new geometry of 11 teeth and a 
variable pitch length LP(i) was obtained (fig. 6). 
As a result of applying the method for the leakage 
reduction, a high variability of pitch length LP(i) (fig. 7) 
was obtained. The shortest, third, pitch in the segment is 
of 4.39 mm, while the last pitch is the longest one with 
length of 9.96 mm. 

 

 
Fig. 6. Distribution of the gas velocity in the resultant 
geometry 

 
 
Fig. 7. Change of the pitch length LP(i) of the resultant 
geometry of the straight through seal 
 

Figure 7 indicates that the change of geometry done 
based on the method for the leakage reduction causes a 
change of the obtained gas velocity field in both, gaps 
and chambers of the seal. From the initial geometry a 
changed number of teeth – places of expansion with 
matching variable pitch for distributing the gas kinetic 
energy along the whole segment length is obtained. It 
means that in regions where relatively small gas kinetic 
energy is observed pitches of the seal are the shortest 
ones which in turn results in concentration of places of 
expansion. Where the kinetic energy increases, the seal 
pitches LP(i) are proportionally greater. It arises from 
figure 6 that proper choice of pitch allows obtaining 
proper lengths of the seal chambers to achieve the 
maximum gas swirl.  
For the initial geometry (fig. 5) and for the optimized 
geometry of the straight through seal (fig. 6) CFD 
calculations were performed for various pressure 
pin/pout ratios within the range from 2 to 2.8. Results 
are summarized in table 1 including the leakage, the 
absolute difference and the relative difference of 
leakage for pout≈105 Pa. 

Table 1. Change of the leakage depending on the pressure 
pin/pout ratio for pout≈105 Pa for the initial geometry and for 

the optimized one of the straight through seal 

pin/pou

t 
[-] 

m [kg/s] 
7t_LS61_LP1

0 

m [kg/s] 
11t_LS61_LPo

pt 

 m  
[kg/s] 

m  
[%] 

2 0.0440 0.0401 
0.003

8 8.7 

2.4 0.0556 0.0504 
0.005

2 9.4 

2.8 0.0663 0.0604 
0.005

9 8.9 

 
a) 

 
b) 

 

 
Fig. 8. Leakage as the function of pressure pin/pout ratio: a) in 
the seal of the initial geometry 7t_LS61_LP10 and of the 
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resultant one 10t_LS61_LPopt, b) the obtained value of the 
reduced leakage  m  

For the increasing pressure pin/pout ratio within the range 
from 2 to 2.8, this method allows for obtaining 

increasing leak-tightness  m  within the range from 
0.0038 to 0.0059 kg/s, which gives the relative leakage 

reduction m  in the range from 8.7% to 8.9% (fig. 8, 
table 1).  

4 Conclusion 

Minimization of leakage in labyrinth seals is an 
important issue since it allows the efficiency of high-
power flow machines to be improved. In this paper we 
presented some research on the reduction of leakage in 
the seal without changing its outside dimensions. 
Described method anticipates only changes in the 
geometry of inner elements of the seal. It is dedicated to 
geometry of axisymmetric seals. This method is based 
on a direct observation of real thermodynamic and flow 
conditions occurring in labyrinth seals. Adapting of the 
seal geometry to flow conditions allows for optimizing 
seals in fluid-flow machines such as steam turbines or 
compressors either being newly designed or being 
already installed but modernized or repaired now.  

Nomenclature 

A   – flow field, m2 
B   – tooth thickness, m 
D   – seal diameter, m 
E   – specific kinetic energy, J/kgK 
e   – non-dimensional kinetic energy 
emax(i) – i-th local maximum of the non-dimensional  
      kinetic energy 
RC   – radial clearance, m 
LS   – length of the segment, m 
LP   – pitch, m 
p   – pressure, Pa 
u   – axial velocity of gas, m/s 
H   – height of the seal segment, m  

m    – mass flow , kg/s 

m    – relative change in mass flow 
Δ   – absolute difference  
δ   – relative difference  
ρ   – density, kg/m3  
Subscript: 
in   – total parameter upstream the seal  
out   – parameter downstream the seal 
max   – maximum value  
min   – minimum value  
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