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Abstract
Labyrinth seals are non-contacting seals extensively used in turbomachinery for the control of
internal leakage. A newly developed tool called the Labyrinth Seal Designer (LSD) tool is capable of
automated labyrinth seal geometry creation and CFD model set up. The user of this tool only needs to
specify the geometrical dimensions, CFD model boundary values, initial condition values, and specify mesh
size parameters and the tool will output a CAD part file, and a CFD simulation file ready for post processing.
The LSD tool will save hours of design and analysis time for each labyrinth seal geometry analyzed. To
protect Solar Turbines’ intellectual property, figures of the newly created tool, the resulting outputs, and
detailed pictures of the resulting geometry, and CFD analysis have been intentionally omitted from this
report.

Background
Labyrinth seals are a non-contacting seal which are extensively used in power generation turbines
manufactured by Solar Turbines Inc. These seals provide non-contacting control of internal flow leakage.
An accurate leakage prediction is important for a reliable performance prediction. Labyrinth seals consist
of two rings, an inner (often rotating) ring, and an outer (often stationary) ring; hereafter referred to as
rotor and stator surfaces. Labyrinth seal teeth may be mounted to either the rotor or the stator. The flow
is forced though a small gap between the teeth and opposite surface, followed by a comparatively large
volume between the teeth. This configuration causes a pressure drop between each labyrinth seal tooth,
thereby reducing flow leakage. Labyrinth seals can range in complexity, from straight seals (figure 1a),
stepped seals (figure 1b), to interlocking seals (figure 1c), and any variation or combination of the three.

Figure 1: Labyrinth seal types a) Straight Labyrinth Seal b) Stepped seal c) Interlocking seal

Additional seal performance may be obtained by replacing the stator surface with a honeycomb
structure. The axis of the honeycomb extends radially on the stator surface of the labyrinth seal. There
are two primary advantages to a labyrinth seal with a honeycomb structure; first, the high velocity in the
seal gap region can be stabilized and reduced; second, a small seal gap may be achieved by allowing the
labyrinth seal teeth to rub on the honeycomb surface creating an abradable seal [1].
Labyrinth seals are well suited for use in gas turbines because of their mechanical simplicity and
resistance to fatigue. Labyrinth seals are used to keep enthalpy where it needs to be. This is particularly
important in the space between rotating and stationary machinery, such as the interface between a
compressor or turbine blade and a stator. An increased understanding of labyrinth seal physics can help
improve the technology and performance of the engines Solar Turbines Inc. produces.
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Project motivation
One analysis product of high importance is the fatigue life estimation of critical components such
as turbine and compressor blades. Engine companies develop extremely complex conjugate heat transfer
CFD models, often referred to as CHT models, with millions of grid points to estimate fatigue life
accurately. These models will often have hub leakage boundaries, the characteristics of which are
dependent on the treatment of the labyrinth seal physics near the boundary. A common correlation used
to estimate labyrinth seal leakage within the gas turbine industry was proposed by Vermes [2], shown in
equation 1. This semi-empirical correlation uses labyrinth seal geometrical information along with
measurable thermodynamic values such as total pressure, total temperature, and static pressure to
determine the mass flow rate (a.k.a. labyrinth seal leakage).
𝑊 = 5.76 𝐾

𝐴𝑔 𝑃0 𝛽
[𝑅𝑇0 ]1/2 [1−𝛼]1/2

(1)

Where:






𝑊 is labyrinth seal leakage (mass flow rate) in lbm/s
𝐾 is the clearance factor, which is a function of labyrinth seal geometry, and the Reynolds number
at the labyrinth seal tooth tip
𝑃0 is the total pressure at the inlet of the labyrinth seal
𝐴𝑔 is the annulus area of the labyrinth seal
𝛽 is a function of labyrinth seal pressure ratios and the number of teeth
1− (𝑃𝑁 /𝑃0 )2

𝛽= [

𝑃
𝑁−ln( 𝑁 )

1/2

]

𝑃0





𝑃𝑁 is the static pressure measured at the 𝑁 𝑡ℎ tooth of the labyrinth seal
𝑁 is the number of teeth in the labyrinth seal
𝛼 Is a constant for stepped labyrinth seals based on the geometry of a labyrinth seal defined as
𝛼=







8.52
𝑃−𝐿
+7.23
𝐶

. For labyrinth seals with no step, 𝛼 = 0

𝑃 is the labyrinth seal pitch, as shown in figure 2
𝐿 is the width of the labyrinths seal tooth tip, as shown in figure 2
𝐶 is the labyrinth seal gap, as shown in figure 2
𝑇0 is the total temperature at the inlet of the labyrinth seal
𝑅 is the gas constant for air
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Figure 2: General Labyrinth seal geometry

The correlation proposed by Vermes [2] is limited; it assumes the labyrinth seals are isothermal
(T0 = TN) and that there is no geometrical variation between labyrinth seal teeth. An isothermal assumption
indicates there is no net change in fluid enthalpy through the labyrinth seal, which may not be true for all
seal configurations. Manufacturing defects and errors installing the labyrinth seals may damage the teeth
causing them to not have a uniform seal gap. With proper computing resources and CFD model calibration,
a CFD simulation can provide analysts with a better estimate of the labyrinth seal physics.
In literature, Kim and Cha [3] studied the influence of labyrinth seal configuration and clearance and
compared the results of CFD and the 1D correlations proposed by Vermes [2] to experimental data. Kim
and Cha [3] found that the CFD produced more accurate predictions on average than the 1D correlations,
which tended to over predict leakage. In their analysis they used the CFD software StarCCM+, with a
stagnation inlet and a pressure outlet boundary condition.
The development of the LSD tool is intended to allow analysts the freedom to decide between 1D
labyrinth seal correlations, and a 3D CFD model. However, the process of creating a CFD ready labyrinth
seal geometry and CFD model set up is time consuming and repetitive – making this process a good
candidate for automation.

Process Improvements
The goal of this fellowship was to develop a tool which automates the process of geometry creation,
CFD model setup and simulation for a general labyrinth seal with no honeycomb. The geometry creation
process is automated using the CAD software NX 12.0 and NXOpen. Automated CFD model setup and
simulation run is completed with StarCCM+, using macros written in Java. A new software called the
Labyrinth Seal Designer (LSD) tool was created. This software is a custom extension embedded in the
NX12.0 lCAD software main GUI.
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Figure 3: a) Current Labyrinth Seal Analysis Process Map b) Labyrinth Seal Designer Process Map
Note: This process must be followed for every geometry considered.

The Current Labyrinth Seal CFD Analysis Process
Before the LSD tool was created, the process map followed for labyrinth seal analysis is shown in
figure 5a. An analyst would need to contact a designer to obtain an analysis ready geometry of a labyrinth
seal of interest. An analysis ready geometry is a water-tight CAD geometry which has been appropriately
defeatured, this process involves removing design features which will complicate the generation of the
CFD mesh and will have a minimal impact on the fluid physics. Accurately identifying these geometrical
features takes years of analysis experience. The analysist and the designer may need to iterate several
times until a CFD analysis ready geometry can be created. This is denoted by the “external support for
geometry creation” box of figure 5a. Next, the newly created geometry would be imported into a CFD
software of the analysts’ choice, and the analyst would setup the CFD model. The analyst would now
assign boundary conditions and physics models, create an appropriate mesh, run the simulation and
monitor the results of the simulation to ensure the flow physics are being properly estimated by the CFD
model. If the CFD simulation accurately models the physics, the simulation can be run until convergence;
if the simulation does not accurately model physics, the analyst will need to calibrate the CFD model until
the physics are appropriate captured. The analyst will repeat the tedious process of CFD model setup and
run for each geometry considered.

The Opportunity for Automation
Upon examination of labyrinth seal geometry, as shown in figures 1, 2 and 4, one can see that labyrinth
seal geometry is parametric thus it can be created with the clever use of a few geometrical shapes. With
the current process, an analyst and designer must iterate to create a CFD ready model for every labyrinth
seal geometry of interest. Then, a new CFD model will be made for each geometry. The process of CFD
model setup is tedious; the analyst must identify what boundary condition types to apply to every part
surface, the physics models they wish to use, regions of mesh refinement, and create plots and functions
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to monitor simulation values. The Labyrinth Seal Designer (LSD) tool automates the process of geometry
creation, and CFD model setup and initial run. Saving hours of design and analysis time per geometry.

The New Process, Using the Labyrinth Seal Designer (LSD) Tool
With the LSD tool, the process map for labyrinth seal CFD analysis has been mostly automated. An
analyst need only specify the geometrical information of the labyrinth seal. Now the “external support for
geometry creation” box of figure 5a, can be replaced with a single user action of defining the labyrinth
seal design dimensions and the geometry can be automatically created and pre-processed for CFD. The
“Pre-processing for CFD” in figure 5b is an extremely important step, because it is the basis for success of
the automated CFD model setup. In this step, each part surface of the labyrinth seal is given a unique
name following a naming convention. Then, this geometry is imported into the CFD software StarCCM+
base model, which is controlled by Java Macros. The StarCCM+ base model looks for these surface names
when assigning boundary conditions and regions of custom mesh refinement. The Java Macros apply
values input by the user into the LSD tool GUI to the base model.

The Labyrinth Seal Designer (LSD) Tool
The purpose of the Labyrinth Seal Designer (LSD) tool is to reduce the amount of analysis and
design time necessary to complete a CFD analysis of a labyrinth seal. The LSD tool represents a major
process improvement, completing geometry creation and CFD model setup in manner of seconds, which
results in hours of time saving per geometry. The LSD tool has three important semi-independent
functions, automated geometry creation, the StarCCM+ base model, and the StarCCM+ Java macros.

Automated Geometry Creation
Consider the following generic labyrinth seal geometry shown in figure 4. This geometry is not
representative of any real labyrinth seal in use at Solar Turbines. It was chosen because it is complex
enough to demonstrate how the user of the LSD tool may populate fields in the GUI, but simple enough
to not be overwhelming. The user may take this fully dimensioned labyrinth seal geometry and input the
dimensions into the LSD tool. When the user directs the tool to create the geometry the LSD tool will
generate the geometry in the CAD software NX12.0. The resulting geometry is shown in figure 5. Note
that the analysis ready geometry is a water-tight CAD part which is representative of the fluid region of
the labyrinth seal. While the geometry is being generated, each part surface is given a unique name based
on a naming convention. Then the CAD part is imported into the StarCCM+ Base simulation model, using
Java macros.
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Figure 4: Labyrinth Seal Tutorial Geometry

Figure 5: LSD Tool automated geometry creation result

The StarCCM+ Base Model
When creating a CFD model, a primary concern is the number of cells used in the model as this
has a direct impact on the computational time and accuracy of the simulation. This all depends on the
mesh. An analyst will use their intuition to identify regions of large gradients in primary variables. In these
regions, the analyst will create a computational grid which is denser than sounding areas. It is also
common practice to use domain symmetry to reduce the size of the model. Since a labyrinth seal is a ring,
the circumferential symmetry may be used to reduce the size of the computational model. This is done
by only considering a small sector, e.g. a 150 sector. Then, periodic boundary conditions are applied at
each cut face of the sector.
The StarCCM+ Base model is a simulation file which has completed the model setup process, but
has no geometry associated with it. The StarCCM+ base model uses filters, a StarCCM+ built in feature,
and the naming convention applied to the automatically created geometry to identify part surfaces. The
part faces identified by the filters assign boundary conditions, areas of custom mesh control, run
monitoring functions and post processing reports. The physics models which are used in the base
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simulation model are 3D, steady, Reynolds Averaged Navier Stokes (RANS), using the K-ω SST turbulence
model and coupled flow and energy governing equations. The base model has all boundary conditions
assigned to be consistent with Kim and Cha [3]. Additionally. Regions of custom mesh refinement are
available to the analyst; this feature enhances the functionality of the tool by allowing the analyst to use
their intuition to identify areas where large gradients may exist.

StarCCM+ Java Macros
Every action a user takes in the StarCCM+ GUI may be recorded as a Java macro. The user can
repeat the same action that was recorded in the Java marco by running it in the StarCCM+ GUI. The LSD
tool uses the Java macros to edit the StarCCM+ base model according to user inputs into the LSD tool GUI.
When the user selects the appropriate buttons on the LSD tool GUI the Java macros will import the newly
created geometry, shown in figure 5, into StarCCM+. Then a CFD mesh will be generated based on user
inputs into the LSD tool GUI, and boundary conditions will be initialized. An example CFD mesh and model
is shown in figure 6. Note, that the LSD tool allows the analyst to use their intuition to control the mesh
refinement in many areas of the computational domain. Additionally, the analyst may choose to reduce
the size of the computational domain by analyzing a sector of the labyrinth seal ring. To demonstrate the
mesh controls available to the user, a detailed view of the labyrinth seal gap is shown in figure 7.

Figure 6: CFD mesh of general labyrinth seal geometry
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Figure 7: Mesh refinement in labyrinth seal gap

Once the mesh is generated, the Java Macros will automatically run the CFD simulation for a user
specified number of iterations. While the simulation is running, several post processing/run monitoring
scenes can be automatically populated for an analyst to interpret. For example, an analyst may be
interested in the y+, described in equation 2, at the current iteration. A lower y+ suggests that the near
wall flow physics are being captured adequately by the grid. Analysts typically aim to keep y+ below 5.0
to maintain the accuracy of the CFD model. An example plot is shown in figure 8.
𝑦+ =

𝑦 𝑢∗
𝜈

(2)

Where:




𝑦 is the off wall distance of the first grid point
𝑢∗ is the friction velocity
𝜈 is the kinematic viscosity of the fluid

This plot can help an analyst understand if the mesh is capable of properly resolving flow structures near
surfaces. Additional post processing plots, such as the rotation rate, pressure ratio, mass flow rate, etc.
are available for the analyst to reduce simulation monitoring and post processing time.
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Figure 8: y+ post processing/run monitoring scene

Conclusion
A new analysis tool has been created; the Labyrinth Seal Designer (LSD) tool improves the analysis
process of labyrinth seals by automating the geometry creation and CFD model setup process. The LSD
tool takes inputs of geometrical dimensions and CFD model parameters, and outputs a CAD part file of
the newly created geometry and a CFD simulation file. The analyst using the LSD tool can start CFD model
calibration on a given labyrinth seal geometry in a matter of minutes instead of hours or weeks. Future
work on this tool will include geometry generation and CFD model setup for labyrinth seals with
increasingly complex geometries, such as honeycombs.
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