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Abstract: A series of numerical simulations were performed to study the discharge coefficient based
on the geometric parameters of a stepped labyrinth seal that sealed the secondary flow path of a
gas turbine. In contrast with straight-through seals, stepped labyrinth seals introduce additional
geometrical parameters related to the steps. In this study, three shape variables were observed: step
height (SH), position, and cavity width (CW). The sensitivity to the leakage flow of the shape variable
in the stepped labyrinth seal was analyzed. The mechanism for improving the sealing performance
of stepped labyrinth seals was investigated. The results indicated that the stepped labyrinth seal
exhibited up to 17.9% higher leakage-suppression performance than the straight labyrinth seal. Seals
with large discharge coefficients had a large vena contracta upstream of each tooth structure and
a rapidly accelerated axial velocity in the radial direction. We could observe that the discharge
coefficient changed according to the flow field in the cavity. The wall shear stress was sensitive to the
SH but not to the CW or step position.

Keywords: discharge coefficient; vena contracta; labyrinth seal; gas turbine; Reynolds-averaged
Navier–Stokes (RANS)

1. Introduction

Gas turbines operate according to the Brayton cycle. Several methods have been
proposed to increase the efficiency of gas turbines in the Brayton cycle. Among them, the
most effective method is the use of a technique that improves efficiency when the turbine
inlet temperature increases [1]. However, turbine blades are damaged when the turbine
inlet temperature increases. Therefore, the damage is reduced by applying film cooling to
the turbine blades [2,3].

The film-cooling method extracts cooling fluid from a compressor and supplies it to
the turbine blades through a secondary flow path. The secondary flow path consists of
rotating and stationary parts according to the characteristics of the rotating machine. A
gap inevitably occurs between the static and rotating parts, and some cooling fluid leaks
through this gap.

Zhou investigated the causes of the reduction in the efficiency of gas turbines and
reported that leakage that occurred in the gap between the stationary and rotating parts
caused the third largest effect out of 13 factors [4]. A seal is needed to suppress these
leaks [5]. If a contact seal is used, the leakage flow can be effectively stopped. However,
seal damage due to friction or thermal expansion is highly possible. Therefore, labyrinth,
brush, and honeycomb seals are used [6–8], and the labyrinth seal is widely used because it
can easily be manufactured [9].

A significant portion of the cooling fluid leaks through the secondary flow path. This
factor hinders the increase in the turbine inlet temperature. Therefore, a labyrinth seal
that can suppress this leak is required. A predictable model or equation is needed to
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design the labyrinth seal under each condition. Becker et al. explained the fluid flow in
a straight labyrinth seal, modeled the Poiseuile flow, and investigated the friction coeffi-
cient [10]. Stodola et al. predicted a straight-labyrinth-seal leakage flow using Bernoulli’s
principle and continuity equation but did not consider the kinetic energy in the cavity [11].
Martin et al. derived a straight-labyrinth-seal leakage-flow equation for the first time [9].
Egli et al. stated that the flow using a straight labyrinth seal was similar to that of an orifice,
assuming that the kinetic energy in the cavity was dissipated and the effect of the number
of tooth structures on the leakage flow was considered [12]. Hodkinson et al. analyzed the
kinetic energy transmitted to the next cavity by a flow that passed through the gap. They
predicted the leakage flow using the kinetic-energy carry-over coefficient [13]. Dollin et al.
reported that the leakage flow was small because Martin’s equation was assumed to be
isothermal [14].

After the first straight labyrinth seal was modeled or an equation was derived, several
researchers derived a modified model or equation through experiments. Jeri et al. reported
that the tooth-structure height was dimensionless relative to the cavity width (CW) and
that the leakage flow increased when this ratio was very high [15]. Wittig et al. obtained
various non-dimensionalized shape variables and derived the leakage-flow rate of a straight
labyrinth seal as an isotropic entropy equation through experiments [16–18].

The straight labyrinth seal offers no option but requires a design for a significant
clearance gap that considers the rotor deviation. In addition, using many tooth structures
is difficult because the space into which the labyrinth seal is installed is limited. Therefore,
shape-optimization design research for straight labyrinth seals was conducted. Researchers
devised a method for optimizing the leakage-flow reduction using a numerical model.
Baek et al. optimized the shape of a straight labyrinth seal using a Reynolds-averaged
Navier–Stokes (RANS) model [19–21]. Wein et al. analyzed a straight labyrinth seal using
various RANS models and reported that the mass flow through the flow field and straight
labyrinth seal varied according to the RANS model [22,23].

A new labyrinth seal was developed, as shown in Figure 1, by breaking away from
the stereotype of a straight labyrinth seal, which is the primary form of the labyrinth
seal. Stoker et al. developed an advanced labyrinth seal that reduced the leakage flow
by modifying a straight labyrinth seal [24,25]. Wittig et al. derived a model through
experiments and numerical analyses on the leakage-flow rate and heat transfer of a stepped
labyrinth seal [26]. Hur et al. selected the clearance gap of the stepped labyrinth seal as
a shape variable and optimized the shape using numerical analyses [27–29]. Vakili et al.
calculated the discharge coefficient according to the pressure ratio of the stepped labyrinth
seal. They studied the viscous loss through experiments and employed a two-dimensional
(2D) axisymmetric modeling computational fluid dynamic analysis [30]. However, no
discussion was presented on the cause of the change in the discharge coefficient or in
determining the optimal design point that considered various shape variables.
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So far, we developed a model or equation that can predict the flow of a straight
labyrinth seal. In addition, a study was conducted to reduce the discharge coefficient by
changing some shape parameters of the straight labyrinth seal [19,21,25,27,29]. Applying
a straight labyrinth seal to the secondary flow path in which the shaft thickness changes
is difficult. Therefore, a stepped labyrinth seal may be required. The stepped labyrinth
seal has a shape with a step height (SH). Therefore, analyzing the discharge coefficient,
including the shape variables that were previously considered for the straight labyrinth
seal and the new shape variables of the stepped labyrinth seal, is necessary. Hence, in the
present study, the pressure fields of the basic shape of straight and stepped labyrinth seals
were compared and analyzed using RANS. The change in the discharge coefficient was
investigated by adjusting the CW, SH, and step position (SP) of the stepped labyrinth seal,
as shown in Figure 1.

When a numerical analysis was performed while each shape variable was varied,
we classified it to have large and small discharge coefficients. According to previous
studies [10,13,16,19,30], the cause of the change in the discharge coefficient was the change
in the resistance due to pressure and that due to friction. Therefore, we selected and
investigated the flow field, velocity field, and frictional wall resistance. Thus, the cause of
the change in the discharge coefficient was investigated by comparing the flow patterns
and wall shear stress of the large and small groups of a stepped labyrinth seal with the
discharge coefficient.

2. Numerical Method and Verification

The index that is mainly used in labyrinth seals is the discharge coefficient, which is
the actual mass-flow-rate ratio to the fluid that passes through the same cross-sectional
area during the isentropic process. The isentropic equation is defined as shown below [16].

Isentropic mass flow rate:

.
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Discharge coefficient:

Cd =

.
m
.

mid
(2)

To reduce the numerical analysis errors at the inlet and outlet and to observe the
recirculation flow, the analysis was conducted by extending the distance by 64 and 50 mm
at both ends of the tooth structure. Figure 2a shows the 17 million grid three-dimensional
(3D) domain of the straight labyrinth seal; Figure 2b shows the grid near the tooth structure;
and Figure 2c shows the grid of the stepped labyrinth seal. To sufficiently express the
viscous sublayer, y+ = 3 or less needed to be satisfied.
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Analyses were performed to confirm the sensitivity to the number of grids in two
dimensions. From approximately 64,000 to 700,000 grids, alignment grids were created using
ANSYS ICEM. In addition, ANSYS Fluent v20.1 was used as the solver. Figure 3 shows
that 100,000 and 230,000 grids indicated a 0.1% difference in the discharge coefficient,
and approximately 230,000 and 700,000 grids indicated a 0.2% difference. Although no
feasibility problems occurred even when the analysis was performed on 100,000 grids,
approximately 230,000 grids were used to sufficiently express the flow field.
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Figure 3. Grid test using the discharge coefficient.

Table 1 lists the length of each shape of the labyrinth seal. Because the labyrinth seal
has a limited axial length, the straight labyrinth seal was adjusted to contain six teeth and
the stepped labyrinth seal to have a five-tooth structure. The shape variables in this study
were analyzed by selecting CW, SH, and SP. CW* and SH* were normalized to clearance,
and SP* was normalized to the cavity width.

Table 1. Geometrical parameters of the labyrinth seals.

Geometry Parameter Straight-Through Seal [16] Stepped Seal

Number of teeth (N) 6 5
Clearance (C) 0.5 mm 0.5 mm

Tooth width (T) 2.5 mm 2.5 mm
Tooth height (H) 10.5 mm 10.5 mm

Cavity width (CW) 9.5 mm 3.5–33.5 mm
Step height (SH) - 0–5.6 mm

Step position (SP) - 0.15–10.35 mm

Table 2 lists the boundary conditions of the numerical analyses. The pressure and
outlet were used, and the pressure ratio was 2.0. The numerical study was performed
under adiabatic-wall conditions, with ideal gas at 300 K, and in stationary states.

Table 2. Boundary conditions of the numerical analyses.

Surface Boundary Condition

Inlet Pressure inlet, 300 K, 202,650 (Pa, absolute pressure)
Outlet Pressure outlet, 300 K, 101,325 (Pa, absolute pressure)
Shaft 0 RPM, adiabatic wall

Casing 0 RPM, adiabatic wall

For the numerical analysis that used 2D axis symmetry, the 2D and 3D results were
compared and analyzed, as shown in Figure 4. The difference was 0.03%, which verified the
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validity of the 2D result. Figure 5 shows the sensitivity test of the turbulence model under
the 2D-axis-symmetry conditions. As a reference value, the value tested by Wittig [16] was
used. The SST k–ωmodel showed a maximum value of 8.4%, and the k–εmodel showed
the smallest gap of 0.7%. Therefore, all subsequent numerical analyses were carried out
using the k–εmodel.
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3. Results and Discussion

Figure 6 shows the discharge-coefficient values of each shape variable. The discharge
coefficient was the most sensitive to the SH change. No significant changes were observed
in CW*35, SH*1.4, or higher. When the SH change was small, the discharge coefficient
was significantly larger than that of the straight labyrinth seal. When CW was changed,
the discharge coefficient was the smallest in CW*7 and the largest in CW*67. Compared
with CW*7, the discharge coefficient increased by 9.61% in CW*67. When the SH was
changed, the discharge coefficient was the smallest in SH*1.6 and the largest in SH*0.2.
Compared with SH*1.6, the discharge coefficient in SH*0.2 increased by 29.15%. When SP
was changed, the discharge coefficient was the smallest in SP*0.7 and the largest in SP*0.2.
Compared with SP*0.7, the discharge coefficient increased by 14.88% in SP*0.2.
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Figure 7 shows that the straight labyrinth seal exhibited low pressure at the center of
the cavity and high pressure at the clearance inlet. Meanwhile, in the stepped labyrinth
seal, the pressure was down at the clearance inlet. Therefore, we could observe that the
force that pushed the front was weak, and the leakage-flow rate was reduced. We examined
the flow field for each shape to find out why the pressure was lowered at the inlet of the
clearance inlet.
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Figure 7. Contours of the labyrinth-seal static pressure. (a) Straight-through seal. (b) Stepped seal
at SH*1.4.

Figure 8 compares the flow pattern according to the cavity width when the step was
located at the center of the cavity. In Figure 8a, cases with large discharge coefficients are
collected, and cases with small discharge coefficients are collected in Figure 8b. In the cases
shown in Figure 8a, a primary bubble behind the tooth filled about half of the cavity, and
a secondary bubble occurred with a similar size. On the other hand, in the geometries in
Figure 8b, the primary bubble almost filled the entire cavity.
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Figure 9 illustrates the flow patterns according to the step height. The discharge
coefficient significantly decreased in geometries where the step height was more than
1.4 times the clearance (Figure 9b). In the cases in Figure 9a, the flow pattern was similar
to a straight-through seal, because the flow separation bubble did not occur greatly at the
step. However, in the geometries in Figure 9b, a strong separation bubble was generated at
the step position and continued to the end of the cavity.
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Figure 10 shows the flow changes that occurred depending on the relative position
of the steps. If the step was located upstream (SP*02, SP*0.3 in Figure 10a), the separation
bubble generated at the step was reattached in front of the tooth. When the step position
moved beyond the middle of the cavity (Figure 10b), the separation bubble generated from
the step continued to the next tooth, showing good sealing performance. However, if the
step position was too close to the next tooth (SP*0.9 in Figure 10a), flow separation did not
occur sufficiently at the step and did not contribute to sealing.
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Figures 8–10 show that the shapes with small discharge coefficients experienced a small
recirculation flow at the clearance inlet, which could be considered to obstruct the main
flow. The recirculation flow that occurred at a source other than the gap inlet did not appear
to be closely related to the discharge coefficient. In some shapes with a high discharge
coefficient, the main flow was reattached to the downstream part of the recirculation flow
and flowed into the clearance inlet.

Figure 11 shows that the vena-contracta size of the second to the fifth tooth structures
in all shapes was very similar to that in the graph of the discharge coefficient. We could
observe that the closer it was to T5, the larger was the vena contracta, which appeared to
be caused by the high absolute speed.
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Figure 12 shows the normalized axial velocity in the radial direction in the second-
tooth structure and Cn. The solid lines indicate the shapes with large discharge coefficients,
and the dotted lines indicate those with small discharge coefficients. The shapes with large
discharge coefficients exhibited a steep increase in the axial speed at the clearance inlet,
and those with small discharge coefficients exhibited a relatively gentle axial speed.
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In Figure 12b, the steep difference in the radial and axial velocity of the group with
the large discharge coefficient and the group with the small discharge coefficient was
more pronounced than that of CW and SP. This is because the maximum value of the SH
discharge coefficient was the largest compared with the minimum value. In Figure 12a, the
difference in the steepness of the radial and axial velocities between the group with a large
discharge coefficient and the group with a small discharge coefficient was insignificant
compared with those of SH and SP. This is because the maximum value of the discharge
coefficient of CW was the smallest compared with the minimum value.

Figure 13 shows the wall shear stress for each variable shape. For SH*, the wall shear
stress was similar to the discharge coefficient, but not for CW* and SP*. Therefore, we could
observe that the stepped labyrinth seal exerted a more negligible effect on the wall friction.
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4. Conclusions

Numerical analyses were performed by changing the different shape parameters of a
stepped labyrinth seal, which is an advanced form of labyrinth seal widely used for sealing
clearances. By observing the change in the discharge coefficient according to the change in
each variable shape, the effect of reducing the discharge coefficient of the stepped labyrinth
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seal compared with that of the straight labyrinth seal under the condition of the same axial
length was quantitatively evaluated.

1. In the stepped labyrinth seal, when CW, SH, and SP were varied, the discharge
coefficient of SH was the most sensitive at a factor of approximately 30%;

2. In the stepped labyrinth seal, when a small recirculation flow appeared at the clearance
inlet, the clearance inlet pressure was reduced, and the axial velocity gently increased,
which reduced the size of the vena contracta. The shapes with these characteristics
exhibited a small discharge coefficient;

3. The wall shear stress and discharge coefficient trends were very similar for the SH
changes of the stepped labyrinth seal. However, no correlations existed between the
wall shear stress and the discharge coefficient for CW and SP changes.
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Nomenclature

Ac Cross-sectional area of labyrinth seal (m2)
AVn Normalized axial velocity

AVN =
local axial velocity

average axial velocity
Cd Discharge coefficient
Cn Normalized clearance

Cn = ξ
clearance

CW Cavity width
.

m Mass flow rate (kg/s)
P Pressure (Pa)
R Specific gas constant
SH Step height
SP Step position
T Temperature (K)
W Width of tooth
Greek Symbols
γ Isentropic coefficient
ξ Coordinate from tooth tip
Subscripts
id Ideal
in Inlet
out Outlet
Superscript
* Normalized
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