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Abstract: The goal of the presented work is an optimization of the geometrical configuration of
the tip seal with a honeycomb land, to reduce the leakage flow in the counter-rotating LP turbine
of a contra-rotating open rotor aero-engine. This goal was achieved with the use of the Ansys-
CFX commercial code and an in-house optimization procedure. The detailed studies including
the mesh influence, the stages of the computational domain simplification, and geometry variants
are discussed.

The optimization process is based on a single objective genetic algorithm (SOGA). The
automatic grid generation process and the CFD calculations are based on scripts prepared under
the Ansys-ICEM and Ansys-CFX software. The whole procedure is written in the Visual Basic
for Applications language (VBA), which allows a direct access to the CAD software with the use
of macros and allows a proper connection between the CAD environment and the CFD software.
The described algorithm allows parallel computing. In addition to the optimization studies,
a sensitivity analysis was also performed. For this purpose, the Elementary Effects Method
(EEM) was used.

This paper was written within the DREAM European project (Validation of Radical
Engine Architecture Systems) of the 7th Framework Program of the European Union.

Keywords: tip seal, LP turbine, honeycomb land, optimization

1. Introduction

The competition among aircraft engine manufacturers has brought about
a significant fuel burn reduction and pollutant emission. Main efforts have been
associated with an increase in the turbine cycle efficiency, e.g. by minimizing
internal leakages. The development of a new seal design and gaining an insight
into the flow phenomena are therefore of particular importance. The labyrinth
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seal is nowadays widely used in the steam and gas turbines where a possibility of
transient contact may occur. The major advantages of this seal are its simplicity,
tolerance to temperature and pressure variations, and reliability. That is the
reason why this type of seal is the only choice in the latest designs of gas turbines.
Honeycomb seals are widely used due to the ability to reduce the tendency towards
rotordynamic instabilities (Sprowl et al. [1]) and resistance to the limited rubbing
between the fins and the rotating surface.

The need for a better knowledge of the flow phenomena even in the complex
geometrical configuration of the labyrinth seal has enforced detailed investigations
and the use of more sophisticated calculation models. Simulation methods based
on CFD have gained significant interest in recent years. The main concern of many
research works in the past was to adjust the labyrinth discharge coefficients (e.g.
Takenaga et al. [2], Denecke et al. [3]).

Previous works were limited to simplified cases, where important geometri-
cal features (such as a complete description of the honeycomb cells) and/or flow
conditions (such as the rotation) were not included. For example, Vakili et al. [4]
presented CFD computations on a simplified 2D knife on a smooth land, i.e. with-
out honeycomb cells. Choi and Rode [5] used a 3D model replacing the honeycomb
cells with circumferential grooves. Most recent investigations have shown a greater
possibility of flow structure modeling. Jun Li et al. [6] presented an approach to
include the effects of honeycomb cells. The axial flow through the three knives
configuration with stepped honeycomb land was considered. The influence of the
pressure ratio, and of the sealing clearance on the leakage flow was investigated. It
was concluded that the influence of the pressure ratio on the leakage flow pattern
was omitted, and a similar leakage flow for cases with rotating and non-rotating
walls was obtained. A complete geometrical representation of the honeycomb cells
was considered by Soemarwoto et al. [7]. After the simulations of the leakage flow
through three selected configurations, the main features of the flow were identified.
A 2D mesh with 20000 cells and, if necessary, a 3D mesh with over 10 million cells
were used. Fine grids of this kind which take into account a honeycomb structure
can sufficiently capture the important flow features with high gradients around
the knife-edge and in the swirl regions. The purpose of this paper is to find an
optimal geometry configuration of the blade tip honeycomb seal to reduce the
leakage flows in the counter-rotating LP turbine of a contra-rotating open rotor
aero-engine.

Figure 1 presents a model of an airplane with the concept of a contra-
rotating open rotor engine and the tip blade honeycomb seal location applied in
the LP turbine.

In order to apply the tip seal optimization process based on the Computa-
tional Fluid Dynamics, a special procedure was developed including a CAD model,
grid generation, CFD calculation and an optimization technique based on the evo-
lutionary algorithm. This automatic procedure was used to obtain an optimal
solution due to the minimum flow leakage. However, to make possible and speed
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Figure 1. Concept of “Direct Drive Open Rotor” and scheme of blade tip honeycomb seal

up the whole process, a special simplification of the geometry and of the grid
topology was made, and their influence on the final solution was investigated.

The present work was performed within the DREAM FP7 EU project (Val-
idation of Radical Engine Architecture Systems), whose main aim is to design,
assess and test new concepts of aero-engines, such as a geared and direct drive
open rotor engine.

2. Basic geometry and its simplification

The object of the study was the tip seal with a honeycomb land of a low
pressure turbine. It consisted of two fins. A stepped honeycomb land was applied
above the fins. Beside the tip seal, the inlet and outlet chambers were added to
allow proper modeling of the fluid behavior. The leakage flow enters through the
axial gap radially and turns into the axial direction in the inflow cavity. After the
second fin it turns in the outflow cavity to the axial gap and inflows back to the
main stream.

The modeling of the honeycomb land structure is very difficult, mainly
because of a large number of honeycomb cells. The honeycomb cells are separated
by walls. It means that a boundary layer should be applied to every single cell. It
increases the number of the grid elements significantly and makes the optimization
process very difficult. Due to these factors the geometrical model was simplified
in two steps. In the first step, the main flow domain with the blade was replaced
with the inlet and outlet chambers where the parameters from the main flow
simulations were assumed. It allowed a decrease in the pitch of the domain, which
is now determined by the honeycomb circumferential repeatability instead of the
blade cascade pitch. In the second step, necessary for the optimization purpose,
the honeycomb structure was replaced with rectangular cells. The simplification
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Figure 2. Original and simplified geometry of tip seal with honeycomb land

made in the second step allows a replacement of the 3D unstructured mesh with
an extruded 2D unstructured mesh, and a reduction in the number of elements.
Additionally, the boundary layers in this region were omitted due to the very low
velocity inside the honeycomb cells.

These operations reduced the number of the mesh nodes approx. 5 times
for the same mesh settings and domain thickness 1.5 Mm, which is approximately
equal to the dimension of one cell size. Figure 2 presents the original and simplified
geometry of the honeycomb land applied in the optimization process.

3. CFD model

The CFD simulations were made with the use of the Ansys-CFX software.
The hexa-dominant unstructured mesh was prepared by means of Ansys-ICEM.
The prepared 2D surface mesh was next extruded with 3 elements in the direction
normal to the surface (circumferentially). The mesh consisted of about 0.13 M
elements and 0.1 M nodes. The boundary layer was built with 12 grid lines with
the ratio of 1.1. The boundary layer due to the simplification was not applied to
the honeycomb land. Figure 3 presents the mesh applied during the optimization
process.

3.1. Boundary conditions

The inlet total pressure and the flow direction were applied to both
chambers as functions of the blade height. The circumferentially averaged radial
distribution of the static pressure was used as a boundary condition for both
outlets. Symmetry was used at the bottom walls of the chambers. Periodic
boundary conditions were employed for both sides of the calculation domain.
Owing to periodicity, the flow velocity may have a circumferential component as
in reality. This is important especially when the inflow boundary conditions are
set up according to the results of the main flow path computations. The applied
flow direction is a function of the blade height. The rotating speed was applied to
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Figure 3. Mesh topology used during optimization studies

Figure 4. Specified boundary conditions for calculation domain

the rotating wall, which is a part of the blade contour, and to the domain which is
connected with the drum contours. The domain rotates in the direction opposite
to the rotating wall at the same velocity of 839 rpm (Figure 4).

The high resolution advection scheme was set up for continuity, energy and
momentum equations, and an upwind scheme was chosen for turbulence eddy
frequency and kinetic energy equations. The gas properties were set up as air
ideal gas with the total energy heat transfer option. The two equations of the
Shear Stress Transport turbulence model were applied. The convergence criteria
were specified for the 10−4 maximum value. However, to speed up the calculation
process, also the mass flow rate through the tip seal was examined and the output
data were collected and analyzed. A special procedure was developed to shut down
the calculation process in case of a converged and constant mass flow rate. Usually,
the last 200 iterations were checked, and in cases where the flow rate changed less
than 0.2% the calculation process was stopped. The procedure described above
allows a reduction in the required number of iterations from about 800 to less
than 600.
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4. Evolutionary algorithm

The single objective genetic algorithm (SOGA) was chosen for the optimiza-
tion studies. However, in our case binary coding was replaced with real number
coding. Real number coding simplifies the whole algorithm and proves efficient
especially in optimization studies.

The evolutionary program is based on the probabilistic algorithm which
imitates the real biological evolutionary process. A population of individuals is
generated in every single iteration. The individuals are represented by chromo-
somes which are the vectors of the design variables:

Xi=(aj), j=1, . ..,n (1)

where

Xi – individual (vector of selected design variables),
aj – design variables,
n – number of design variables.

Every individual represents a possible solution to the considered problem.
The solutions are assessed on the basis of the fitness measure. The next generation
is created with the use of the selection process. In this step the better fit
individuals have a greater chance to survive.

Additionally, some of the individuals in the population may transform using
genetic operators and give a new solution. The two basic operators are crossing
and mutation. These operators diversify the whole population and make it possible
to find a better solution. The main genetic operators are described below:

• Selection – the process which selects individuals for reproduction (crossing)
and creates the succeeding population. In this procedure we care for
the best fitted individuals to be copied to the new population, and the
worst members to be eliminated. The process is controlled by reproduction
operators [8].
• Crossing – two individuals (parents) are sampled (with some selection
criteria) and then they are both broken at a random position. Next the
sub-strings from both parents are swapped to compose two new individuals
called offspring [8].
• Mutation – for each design variable in a chromosome, a random disturbance
may be introduced. The presented algorithm employs a non-uniform muta-
tion rate. It means that the random disturbance depends on the iteration
number and gets adjusted during the process [9].

The random disturbance is expressed as follows:

∆(t,y)= y
(

1−r(1−t/T )b
)

(2)

where
y= a−al for random number equal to 1,
y= aup−a for random number equal to 0,
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r – random number between 0 and 1,
t – maximum number of the generations,
b – parameter which specifies the non-uniform rate,
a – selected design variable,

al, aup – lower and upper range of limits for the selected design variable.

The new design variable a′ is calculated from the relation:

a′=
{

a+∆(t,y)
a−∆(t,y)

(3)

The delta is positive for a random number between 0.0 to 0.5 and negative for a
random number between 0.5 and 1.0. Parameter b is assumed to be equal to 2.

5. CFD optimization based on evolutionary algorithm

A special procedure was developed for the purpose of the CFD optimization
studies. The procedure connects the external commercial software with an in-
house evolutionary algorithm.

The in-house code is written in the Visual Basic for Applications language
(VBA). The VBA allows a direct access to the CAD software using macros, and
a straightforward visualization of the results in Microsoft Excel. It also allows
a proper connection between the CAD environment and CFD software.

The calculation protocol which connects the separate commercial software
and the in-house code is presented in Figure 5

The CAD environment allows a very precise geometry parameterization and
makes it possible to include the relations among selected geometry parts, which
allows the geometry to change in a very specific and desirable way. Next, on
the basis of the prepared geometry the automatic mesh generation process is

Figure 5. Calculation protocol between commercial software and in-house code

tq314b-e/195 13I2011 BOP s.c., http://www.bop.com.pl



196 W. Wróblewski et al.

activated. For this purpose, a special script was prepared with the use of the
Ansys-ICEM software. The script includes all important features of the prepared
mesh, such as the boundary layer properties and the size of the elements at
different locations. On the basis of the prepared mesh, the CFD simulation
using Ansys-CFX is launched. During the simulation the objective function is
monitored with the use of an external procedure and the results are analyzed.
In case of a proper convergence of the objective function, the calculation process
stops. After the whole process is finished, the objective function and the input
parameters are gathered by the evolutionary algorithm, and a new set of input
parameters is generated. In case of the CFD optimization the evaluation of the
objective function is time consuming. For this reason the whole process was
parallelized and a different number of computers was used to evaluate the objective
function.

In the presented case the geometrical parameters of the tip seal are the
input design variables, and the desired goal is to minimize the mass flow rate
through the tip seal. 10 geometry parameters were selected for the optimization
process. The parameters and their range of changes are gathered in Table 1. The
established limits are given as relative values in relation to the dimensions of the
initial geometry. Figure 6 shows the scheme of the geometrical parameters selected
for the tip seal optimization.

Table 1. Parameters review

Limits
No. Parameter Shortcut

of changes, %

1 Left fin angle LFA 0.0 25.6

2 Right fin angle RFA 0.0 11.1

3 Left fin position LFP −5.0 25.0

4 Right fin position RFP −31.3 6.3

5 Left platform angle LPA −17.6 0.0

6 Right platform angle RPA −10.5 0.0

7 Left gap dimension LGD −17.6 17.6

8 Right gap dimension RGD −17.6 17.6

9 Left gap position LGP −12.8 3.4

10 Right gap position RGP −9.0 8.4

6. Optimization process and results

The optimization process was performed with 30 individuals per generation.
The number of the individuals should be sufficient to obtain a proper diversity
of the population due to the number of parameters. The initial population is

tq314b-e/196 13I2011 BOP s.c., http://www.bop.com.pl



Optimization of Tip Seal with Honeycomb Land. . . 197

Figure 6. Definition of geometrical parameters to be optimized

generated by means of random input variables. The main input data for the
evolutionary process are presented in Table 2.

The evolutionary algorithm is well suited for parallel calculations. This
feature was also used during the optimization process. Single individuals were
divided among different computers. 10 computers were used during the whole
process. It significantly speeded up the calculation time. The evaluation of a single
individual took about 1.5 hour on a single computer. Usually, about 70 generations
were necessary to obtain a proper fitness of the population. It means that about
2100 individuals were analyzed. The convergence in the iteration number function
is presented in Figure 7. It is worth mentioning that only the individuals after the
crossing and mutation have to be calculated. The rest of the individuals remain
unchanged. The whole process takes about 4–5 days.

During the optimization process local optima occur due to the assumed
wide-range changes of selected geometrical parameters. The final two solutions to
the tip blade configuration were selected. However, both configurations were very
different and in both cases a significant reduction in the mass flow rate through
the seal was observed. The selected two optimal cases and the initial geometry
configuration are presented in Figure 8.

Table 2. Main input data for evolutionary algorithm

Number of parameters 10

Number of individuals per generation 30

Number of generations 70

Crossing rate 0.25

Mutation rate 0.03

Number of computers used in optimization 10
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Figure 7. Fitness function value in the course of the optimization process

Figure 8. Initial and two optimal geometry configurations

Figures 9–11 present the surface stream lines of velocity in a stationary
frame for the initial and the two optimized configurations. For the first config-
uration a reduction by 14% of the mass flow rate in comparison with the ini-
tial geometry configuration was achieved. For the second case the reduction was
equal to 10%.

Table 3 presents the optimal geometry configuration of two best candidates.
The parameter changes are given as relative values in relation to the initial
geometry configuration.

tq314b-e/198 13I2011 BOP s.c., http://www.bop.com.pl



Optimization of Tip Seal with Honeycomb Land. . . 199

Figure 9. Surface stream lines for initial geometry configuration

Figure 10. Surface stream lines for first optimal geometry configuration

The left fin position for the two selected optimal cases is located near the
opposite boundaries of the established geometry limits. For both configurations
the right fin position is close to the initial location. Large differences in the left
and right fin angle are observed in comparison with the initial geometry.

The two-dimensional streamlines shown in Figures 9–11 are not a projection
of three-dimensional streamlines. They were constructed with the use of the radial

tq314b-e/199 13I2011 BOP s.c., http://www.bop.com.pl



200 W. Wróblewski et al.

Figure 11. Surface stream lines for the second optimal geometry configuration

Table 3. Optimal geometry configuration

Optimal
No. Parameter Shortcut configuration

I, % II,%

1 Left fin position LFP 2.8 25.1

2 Right fin position RFP 5.2 3.0

3 Left fin angle LFA 24.0 9.0

4 Right fin angle RFA −22.5 −28.8

5 Left platform angle LPA 0.0 −5.9

6 Right platform angle RPA −10.5 0.0

7 Left gap dimension LGD 12.9 −12.9

8 Right gap dimension RGD 7.1 10.6

9 Left gap position LGP 3.4 −8.7

10 Right gap position RGP 5.3 0.2

and axial components of velocity only. The flow pattern is characterized by two
large vortices in the inlet cavity above the main flow of the leakage and by one
vortex before the left fin. The size of this latter vortex and the path of the leakage
flow depend on the left fin location. The main difference in the flow pattern is
observed in the cavity between the fins. In the second optimal configuration two
vortices were formed instead of three in the other cases. The flow structure in the
right cavity consists of two main vortices between which the leakage is located.
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The leakage leaves the right cavity only through a part of the right gap. The
remaining part of the gap is taken by injection from the main flow domain. The
streamlines for the nominal and the first optimal case look very similar.

7. Optimization results verification

A crucial element in optimization studies is a proper construction of the
numerical mesh. The proper solution should be independent of the numerical
mesh. However, the considered flow structure is very complicated due to the shape
of the tip seal, the rotational speed and the strong flow in the circumferential
direction. Nevertheless, these factors cannot be ignored and should be applied in
the CFD simulation.

Four different mesh sizes were used for the verification of the results. Two
optimal solutions and the initial configuration of the tip seal were examined.
Such an approach allows not only verification but also a check of the influence
of the mesh size on the final solution. It must be emphasized that for the
optimization studies the hexa-dominant extruded 2D mesh was used. However,
for the validation studies a fully unstructured extruded 2D mesh was prepared.
This step allows also an investigation of the influence of the mesh type on the
flow structure. The obtained results seem to be quite surprising. It appears that
the mesh type is a very important factor and has a significant influence on the
predicted flow structure and the mass flow rate. Table 4 presents the influence
of the mesh size on the solution for different mesh sizes and types. The error
values are given as relative values in relation to the results obtained with a mesh
containing 1.2 M nodes.

Table 4. The influence of mesh size and type on the mass flow rate

Relative mass flow

Nominal, Optimal
Mesh size and type

% configuration

I, % II, %

0.1 M Hexa-dominant 1.6 2.6 2.6

0.3 M Unstructured 0.7 19.5 7.4

0.5 M Unstructured 0.7 20.1 20.0

0.7 M Unstructured 1.1 1.3 22.2

1.2 M (reference) Unstructured 0.0 0.0 0.0

Both the hexa-dominant and the unstructured mesh are built as a surface
mesh. Next the surface mesh is extruded in the normal direction. The hexa-
dominant mesh which is used during the optimization studies is extruded by
3 elements and the unstructured mesh used in the validation process is extruded
by 5 elements. The nominal case and two optimal solutions were considered.
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Figure 12. Surface stream lines for the first optimal geometry configuration. The mesh
consists of 0.3 M nodes

Figure 13. Surface stream lines for the first optimal geometry configuration. The mesh
consists of 0.5 M nodes

The main purpose of these studies was verification between the simplified
hexa-dominant mesh used during the optimization process and the large unstruc-
tured mesh.

The performed calculations show that significant errors appear for smaller
unstructured grids in the event of optimal cases. However, the results obtained
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Figure 14. Surface stream lines for the first optimal geometry configuration. The mesh
consists of 0.7 M nodes

Figure 15. Surface stream lines for the first optimal geometry configuration. The mesh
consists of 1.2 M nodes

with the use of a hexa-dominant mesh are very similar to the finest unstructured
mesh with 1.2 M nodes. It is worth mentioning that the influence of mesh on
the solution is different for different geometry configurations. In case of the
optimal solution the influence of the mesh size and type is negligible, but for the
optimal shapes of the tip seal significant influence of the mesh size on the solution
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appears. The conducted analysis shows that the hexa-dominant extruded mesh
was a good choice for the optimization studies and allowed a significant decrease
in the mesh size.

Figures 12–15 present the surface stream lines for the best optimal geome-
try configuration in case of different mesh sizes. A significant difference in the flow
structure appears between the 0.5 M (Figure 13) nodes and 0.7 M (Figure 14)
nodes mesh. The flow patterns differ mainly between the fins and in the right
cavity. It is only one large vortex that is observed between the fins in Figure 13
and three large vortices may be distinguished for the finer grid. In the right cavity
the leakage flow leaves the cavity through different parts of the axial gap. Two
vortices appear, compared to one vortex for the other meshes in the right cavity
for the grids with the 0.5 M and 0.7 M nodes.

In this case, there also appears a large difference in the predicted mass flow
rate. Additionally, the flow structure and the mass flow rate obtained by the 0.7 M
and 1.2 M nodes mesh (Figures 14–15) are very similar to the results obtained
during the optimization process (Figure 10). The conducted analysis shows that
the hexa-dominant extruded mesh was a good choice for the optimization studies
because it allowed a significant decrease in the mesh size.

8. Sensitivity analysis

based on Elementary Effects Method

Beside the optimization studies also a sensitivity analysis was performed.
For this purpose the Elementary Effects Method (EEM) was used. The selected
method makes it possible to find the most important input factors among many
others which may be contained in a considered model [10]:

• the EEM provides two sensitivity measures for each input factor;
• measure µ, assessing the overall impact of an input factor on the model
output;
• measure σ, describing non-linear effects and interactions.

Vector X consists of k number of input factors:

X =(X1,. .. , Xk) (4)

The input factors can take values of only:

Xi ∈

{

0,
1
p−1
,. . ., 1−

1
p−1
, 1
}

(5)

where p – number of levels of discretization.
The elementary effect for each input factor is defined as:

di
(

X
)

=
Y (X1, .. ., Xi−1, Xi+∆, Xi+1, .. . , Xk)−Y (X)

∆
(6)

where
∆=

p

2(p−1)
(7)

The value ∆ is added or subtracted from the selected input factor value:
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if Xi<∆ then Xi=Xi+∆,
if Xi≥∆ then Xi=Xi−∆.
The mean and the standard deviation of the distribution of the elementary

effects of each input are defined as follows:

µ*i =
1
r

r
∑

j=1

∣

∣

∣
di

(

X(j)
)
∣

∣

∣
(8)

σi=

√

√

√

√

1
r−1

r
∑

j=1

(

di
(

X(j)
)

−µi
)2

(9)

where r – number of initial vectors constructed from random input factors.
In our case the sensitivity analysis was conducted for all the ten considered

geometry parameters of the tip seal. The number of the initial vectors r was
assumed as 8. The number of levels of geometry parameter discretization p was
equal to 4. It means that the whole region discretization was performed with 88
samples. All the dimensions were referred to the established limits of changes
for selected geometry parameters. The specified number of levels of discretization
allows the sampling of the input space with equal probability.

Figures 16 and 17 present bar charts of mean and standard deviation for
different geometry parameters. The values are referred to the averaged value of
the mass flow rate. The taken averaged value is calculated on the basis of the
initial vectors.

Both charts are quite similar. It means that the parameters which have
high overall importance are also responsible for possible non-linear effects and
interactions among different geometry parameters.

LFP RFP LFA RFA LPA RPA LGD RGD LGP RGP
0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

7.0%

8.0%

9.0%

10.0%

µ
*
i

Figure 16. Mean deviation of distribution of elementary effects of each input factor
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LFP RFP LFA RFA LPA RPA LGD RGD LGP RGP
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2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

14.0%

16.0%

18.0%

σ

Figure 17. Standard deviation of distribution of elementary effects of each input factor

However, both these measures should be read together. Low values of
both parameters correspond to a non-influent geometry parameter. Figure 18
illustrates the 2D graph of specified geometry parameters. The location of
geometry parameters depends on the values of mean and standard deviation.

Figure 18. Mean and standard deviation

The performed sensitivity analysis shows that the most significant param-
eter is the right fin angle. Also the right and left fin position and the right gap
dimension seem to be quite important. The less important parameters are the left
gap dimension and position, and the left platform angle.
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9. Conclusions

A CFD optimization of the tip seal with a honeycomb land was performed
with the use of the commercial Ansys-CFX code. The goal of this study was to
decrease the flow leakage through the seal. An algorithm, incorporating both the
commercial CFD code and an in-house optimization environment was presented
and its main features were highlighted. Two different optimal solutions were
presented and the mass flow rate reduction in both cases was greater than 10%.
The validation studies confirmed the results obtained during the optimization
process.

Also the influence of the mesh type and size on the solution was investigated.
The results including snapshots of the flow structure and the mass flow rate value
for different geometry and mesh configurations were presented and described.

Additionally, a sensitivity analysis based on the Elementary Effects Method
was conducted including all the parameters used in the optimization process. The
performed analysis shows that the most significant parameter is the right fin angle.

The next step of the research is a full 3D validation study including the
modeling of the turbine blade-to-blade channel and the 3D structure of the
honeycomb land.
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