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ABSTRACT 

This paper presents a brief history of the development of 

brush seals and their use in propulsive and power 

applications. Based on previous research of the authors a 

computational fluid dynamics model of the leakage mass 

flow in a brush seal is developed further, treating the inner 

structure of this sealing by an array of bristles in transverse 

flow. Multiple dimensional differing domain setups are 

simulated over a wide pressure ratio range, and tested against 

each other as well as against own validation data and those of 

other authors. In addition, the influence of varying the 

turbulence model regarding the viscous flow over the rotor’s 

surface and the effect of considering support and cover ring 

are investigated. 

INTRODUCTION 

In turbomachinery, various sealing types are used to 

reduce parasitic leakage. Hence, one way to improve overall 

turbomachinery efficiency and reduce emissions is to further 

reduce seal leakages in secondary air systems. The use of 

brush seals (see Figure 1) plays an important role, since this 

type of seal is clearly superior to conventional labyrinth 

seals, especially regarding its leakage behavior (Munson and 

Steinetz, 1994; Flouros et al., 2012). Further benefits are the 

lower weight and the reduced design space. 

Figure 1 Axial view of a brush seal. 

A brief history of brush seal development 

The development of brush seals at MTU Aero Engines 

AG started in 1983. After an intense test program, the first 

flight test in a fighter aircraft engine took place in 1992, 

followed by series production in 1998. In 2003, the brush 

seal finally made its leap into civil aircraft engine serial 

production, from where it spread rapidly. 

In addition, brush seals are also state-of-the-art in 

industrial gas turbines, steam turbines and compressors. For 

these applications serial production began in 1999. 

Furthermore, brush seals are commonly used in pumps, 

machine tools and other industrial applications. 

System description 

Generally, brush seals are available in two different 

designs. On the one hand there is the conventional welded 

and on the other hand there is the clamped MTU Aero 

Engines AG design. The latter consists of a sealing element 

and its corresponding seal housing. The cross section is 

depicted in detail in Figure 2. 

The most common bristle material in use is Haynes® 25, 

a cobalt based alloy. In addition, the clamped design allows 

Figure 2 Circumferential cross section view of a 
brush seal in MTU Aero Engines AG design. 
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the use of non-metallic fibers such as e.g. Kevlar® (aramid 

fibers). The sealing element itself consists of a large number 

of bristles which are wrapped around a core wire and 

mechanically fixed by a clamping tube. The housing is made 

from turned or sheet-metal parts and for low temperature 

applications even injection molded parts (e.g. PEEK 

polymers) are used. Furthermore, it is also possible to insert 

the sealing element directly into the housing of a customer, 

without a separate seal housing. 

The flow through the gap between support ring and the 

rotor is restrained by the flexible sealing element, resulting in 

a significant leakage reduction. In case of a relative 

movement between the stator and the rotor, e.g. caused by 

centrifugal forces or thermal displacements, the flexible 

bristle package follows the excursion without being 

damaged. This is one of the main advantages of a brush seal 

compared to a conventional labyrinth seal. During operation, 

the pressure difference Δ𝑝 across the seal pushes the sealing 

element against the support ring, resulting in a further 

compression of the bristle package itself. In addition, a radial 

pressure gradient 𝜕𝑝/𝜕  within the sealing element is 

formed, resulting in a downward movement of the bristles, 

the so-called blow-down effect (Pröstler, 2005). 

Objectives of this paper 

The interaction of fluid flow and mechanical movement 

behavior of the bristle package is still part of ongoing 

research. To lay the foundations for a deeper understanding 

of this complex multi-physics problem, an empirically 

validated fluid-structure interaction model is needed. This 

study provides a crucial cornerstone of this strategy: the 

generation of a parameterized computational fluid dynamics 

model analyzing the flow in a bristle package not considering 

bristle movement. 

METHODOLOGY 

Geometrical structure and modelling 

All examined geometries of this study represent a 

straight brush seal segment without curvature. Therefore, the 

modelled domains act as a narrow section of the full circle 

sealing with sufficiently large rotor diameter ( -  plane at 

 = 0 in Figure 3). A quasi-two-dimensional (Q2D), and a 

three-dimensional excluding and a three-dimensional 

including support and cover ring domain setting are 

considered. The Q2D model represents a plane section, with 

one cell in radial direction  , within the support ring gap at 

 =    /2 (see Figure 3 red line). A 3D model without 

consideration of the support and cover ring is gained and 

embodies a section underneath the support ring (0 <  <
   , see Figure 3 green dashed lines). Furthermore, the 3D 

model including support and cover ring models a brush seal 

with the least amount of approximation in this study and 

stretches to a reasonable height in radial direction 0 <  <   

(see Figure 3 blue dot and dashed lines). 

To gain the required geometrical structures a 

MathWorks® MATLAB® tool, used in previous research of 

the authors (Fuchs and Haidn, 2017), is developed further to 

Figure 3 Schematic circumferential (upper 
subfigure) and radial (lower subfigure) cross 
section view of the modelled brush seals. Q2D = 
red line, 3D w/o CR/SR = green dashed lines, 3D w/ 
CR/SR = blue dotted and dashed lines. 

provide the more complex geometrical compositions 

investigated in this study. In addition to basic parameters of a 

bristle package (number of axial (𝑁𝑎) and quasi-

circumferential (𝑁𝑐) bristle rows, diameter   of the bristles, 

and distance   between two bristles transverse to the flow 

direction), the inner structure of the bristle pack can be 

defined either with square shaped or hexagonal shaped bristle 

surroundings. Based on previous results (Fuchs and Haidn, 

2017), this investigation only uses hexagonal shaped bristle 

surrounding types and therefore a hexagonal bristle 

distribution within the bristle package. Furthermore, with the 

enhanced version of this MATLAB tool, the geometrical 

parameters of cover ring (cover ring gap     and width    ) 

and support ring (support ring gap     width    ) as well as 

inlet (   ) and outlet zone lengths (    ) can be set and used 

for automated geometry generation. Cover ring and support 

ring are modelled as rigid, impermeable plain sheets, 

stretching the whole domain in circumferential direction  . In 

axial direction   the modelled brush seal features an axial 

gap   between cover ring and bristle package, while 

downstream the bristle package position is set to be attached 

to the support ring. Table 1 lists the range of geometrical 

parameters used in this study. 

Furthermore, the inlet (   ) and outlet zone lengths (    ) 
are set to be sufficiently large to avoid backflow across these 

boundary surfaces and provide established flow conditions 

up- and downstream of the modelled brush seal. 

Within this MATLAB tool the creation of the 

geometrical structure is concluded by outputting a Tcl-script 

consisting of ANSYS® ICEM CFD™ commands for 

automated geometry and mesh generation. 
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Table 1 Geometry and model parameters. 

Parameter Symbol Value Unit 

Bristle diameter   1.5 × 10−4 𝑚 

Inter-bristle distance   3 − 9 × 10−5 𝑚 

Number of axial rows 𝑁𝑎 8 − 

Number of quasi-

circumferential rows 
𝑁𝑐 1 − 4 − 

Upstream total pressure 𝑝 𝑠,    1.5 − 9     

Downstream static 

pressure 
𝑝𝑑𝑠,𝑠 𝑎  1     

Meshing and grid convergence study 

In ICEM the Tcl-script is processed and a 3D computer 

aided design model is gained. Using the same Tcl-script a 

structured multi-block mesh (see Figure 4) is generated 

automatically for each considered domain setting. All grids 

provide a dimensionless wall distance of 𝑦+ ≤ 1 on all 

frictional walls to resolve the viscous sublayers. 

To estimate uncertainties due to discretization errors, a 

grid convergence study, applying the grid convergence index 

𝐺𝐶𝐼 (Celik et al., 2008) is carried out. Since the leakage mass 

flow rate �̇� is a crucial variable in this study, this parameter 

is chosen to act as variable of interest 𝜙. In all simulations 

regarding the grid convergence study a pressure ratio of 

Figure 4 Details of the used numerical meshes. 

Q2D and 𝒂-𝒄 plane of 3D (upper subfigure) and 𝒂-𝒓 

plane of 3D (lower subfigure) grid of 𝑮𝑪𝑰 study 
presented in Table 7 exemplarily shown here. 

Π = 8.90 and the Transition-SST model (Menter et al., 

2004) for turbulence modeling are used. Table 5 (Appendix 

A) shows the results for the Q2D domain setting and 

represents an exact quotation from previous research of the 

authors (Fuchs and Haidn, 2017) where these grids were used 

as well. Table 6 and Table 7 (Appendix A) present the results 

for the 3D domain settings excluding and including support 

and cover ring respectively. These results clearly state for all 

domain settings, that the finest meshes lead to acceptable 

grid convergence indices of 𝐺𝐶𝐼𝑄2𝐷 = 3.36%, 

𝐺𝐶𝐼3𝐷 𝑤/    /  = 1.90%, and 𝐺𝐶𝐼3𝐷 𝑤/   /  = 1.87%. 

Therefore, for all considered domains the numerical mesh 

containing the highest number of cells of 85724 cells, 

8512000 cells, and 17182000 cells are used respectively 

for further studies. 

Solving the governing equations and domain 
settings 

To obtain the fluid dynamic field the cell centred 

commercial CFD solver ANSYS® Fluent® is used, applying 

an implicit pressure-based, steady-state 3D solver with a 

second-order upwind differencing scheme for spatial 

discretisation. The SIMPLE algorithm (Patankar and 

Spalding, 1972) is set to perform the pressure-velocity 

coupling within the fluid field while turbulence is modelled 

by using Reynolds averaged Navier-Stokes equations and the 

four equation Transition-SST turbulence model (Menter et 

al., 2004). Furthermore, Table 2 summarise the boundary 

conditions applied on the boundary faces of the numerical 

domains of this investigation.  

It has to be pointed out that in simulations of the 3D 

domain setting without consideration of support ring or cover 

ring, multiple boundary condition variations are tested 

against each other. The major difference is the treatment of 

the rotor ( -  plane at  = 0) and quasi-stator surface ( -  

plane at  =    ), which are modelled with symmetry 

boundary conditions or as walls neglecting friction (𝜏𝑤 = 0) 

Table 2 Boundary conditions used in simulations 
(SYM = symmetry boundary condition, FLW = 
frictionless wall, FW = frictional wall). Cover ring 
and support ring surfaces are considered as 
frictional walls when present. 

 Q2D 
3D  

w/o CR/SR 

3D 

w/ CR/SR 

 -  plane at 

 = 0  
Pressure inlet with 𝑝 𝑠,   = 1.5 − 9    

 -  plane at 

 =  𝑚𝑎𝑥   
Pressure outlet with 𝑝𝑑𝑠,𝑠 𝑎 = 1    

 -  plane at 

 =  𝑚    
SYM 

1. SYM 

FW 2. FLW 

3. FW_ 

 -  plane at 

 =  𝑚𝑎𝑥  
SYM 

1. SYM 

FLW 2. FLW 

3. FLW 

 -  plane at 

 =  𝑚    
Transitional matching periodic 

 -  plane at 
 =  𝑚𝑎𝑥  

Transitional matching periodic 
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on the walls surfaces or taking it into account (no slip 

conditions with 𝜏𝑤 ≠ 0). All 3D domains considering the  -  

plane at  = 0 as a wall boundary condition do not model the 

rotation of the rotors surface. In addition, all performed 

simulations are using dry air as fluid, which is modelled as a 

Newtonian fluid and compressible perfect gas. In case of the 

presence of solid walls, these are assumed to be adiabatic and 

smooth. 

RESULTS 

In this study an investigation regarding the influence of 

various geometrical and numerical parameters on the leakage 

mass flow rate �̇� is carried out. Validation of the resulting 

findings is a challenging task, since only limited data is 

available, and in most cases this data lack an in-depth display 

of the complex flow characteristics within the bristle 

package. Due to the very small distances between the 

bristles, experimental data usually only provide the upstream 

pressure 𝑝 𝑠 in front of and downstream pressure 𝑝𝑑𝑠 after 

the bristle package corresponding to the resulting leakage 

mass flow rate �̇�. No statements are made regarding the 

pressure and velocity fields inside of the bristle pack. Since 

theoretical models and data from literature are based on and 

calibrated with these experimental findings, their use for 

validation is limited as well. Therefore, this studies results 

are validated by comparing the leakage mass flow rate �̇� for 

given pressure ratios Π. 

In initial investigations (Fuchs and Haidn, 2017) no 

impact on the leakage mass flow rate �̇� due to variations of 

the considered bristle rows in quasi-circumferential direction 

  ranging 1 < 𝑁𝑐 < 4 could be observed. Therefore, with the 

exception of results in Figure 5, all further discussed results 

were concluded by simulations with 𝑁𝑐 = 1 to minimize the 

size of the computational domains. 

Figure 5 Altered figure of correlation of the 
numerical results from previous research of the 
authors (Fuchs and Haidn, 2017) regarding the Q2D 
domain setup against experimental and theoretical 
findings. For all results shown in this figure the 
Transition-SST model (Menter et al., 2004) for 
turbulence modelling and 𝑵𝒄 = 𝟒 are used. 

Results from a previous study (Fuchs and Haidn, 2017) 

show a strong dependency of the leakage mass flow rate �̇� 

regarding the inter-bristle distance   (see Figure 5). These 

results match well with results from the literature (Bayley 

and Long, 1992; Chew et al., 1995; Flouros et al., 2014; 

Flouros et al., 2015) and experimental findings from MTU 

Aero Engines AG. Qualitatively the assumed linear 

dependency of the leakage mass flow rate �̇� of the pressure 

ratio Π holds true. Fuchs and Haidn (Fuchs and Haidn, 2017) 

have pointed out that only data from MTU Aero Engines AG 

feature an identical geometrical basis regarding the bristle 

diameter of  = 1.5 × 10−4𝑚, and have concluded that these 

findings should be used for a quantitative calibrating purpose 

of the numerical model regarding the inter-bristle distance  . 

Therefore, in this study an initial inter-bristle distance of  =
8 × 10−6𝑚 is set. 

Influence of dimensional domain setting 

To study the influence of dimensional domain settings 

on the leakage mass flow rate �̇�, the configurations 

summarised in Table 2 are tested against each other and 

experimental results of MTU Aero Engines AG. All 

simulations feature an inter-bristle distance of  = 8 ×
10−6𝑚, a bristles diameter of  = 1.5 × 10−4𝑚, and a 

constant number of axial bristle rows of 𝑁𝑎 = 8. 

Furthermore, each configuration is calculated with a varying 

total upstream pressure 𝑝 𝑠,    and constant static 

downstream pressure 𝑝𝑑𝑠,𝑠 𝑎  as laid out in Table 1. 

Generally, simulations without consideration of support and 

cover ring show good agreement with experimental results 

(see Figure 6). 

For low pressure ratios up to Π < 5 these simulations 

underestimate the validation data regarding the resulting 

leakage mass flow rate �̇�. Above Π > 5 the results of the 

Q2D domain and the 3D domains without considering 

support and cover ring segregate their tendency. The latter  

Figure 6 Influence of dimensional domain settings 
on the leakage mass flow rate �̇�. For all results 
shown in this figure the Transition-SST model 

(Menter et al., 2004) for turbulence modelling, 𝜹 =
𝟖 × 𝟏𝟎−𝟔𝒎 and 𝑵𝒄 = 𝟏 are used. 
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show a continuing underestimation of the leakage mass flow 

rate �̇� while the Q2D setting begins to overestimate these. 

Furthermore, all three-dimensional domains without support 

and cover ring lead to virtually identical solutions, regardless 

of the boundary conditions set. Relative errors 𝑒𝑟𝑒𝑙 relating to 

the experimental data of MTU Aero Engines AG for all 

above mentioned domains are shown in Table 3. 

Nevertheless, results of the 3D domain including support 

and cover ring deviate extensively from the validation data 

(see Figure 6 and Table 3). The computed results exceed the 

experimental findings approximately by a factor of 2 and are 

only capable of reproducing these qualitatively but not 

quantitatively. Since this circumstance is counterintuitive in a 

fluid dynamic way of thinking, further investigations are 

made and laid out later on. 

Influence of considering the rotor’s surface 

Investigations regarding the influence of the rotor’s surface 

are carried out. For this purpose, three 3D domain settings 

are used without consideration of cover and support ring (3D 

w/o CR/SR – 1|2|3, see Table 2). Figure 6 and Table 3 show 

the combined findings, indicating only minor deviations in 

the resulting leakage mass flow rate �̇� among each other. 

Although one setup takes frictional effects of the rotor’s 

surface into account no notable impact can be observed and 

all results are virtually identical. 

Studying the effects of turbulence modelling, three 

widely used turbulence models are tested for the setup with 

frictional wall boundary condition as the rotor’s surface (3D 

w/o CR/SR – 3). Two two-equation turbulence models (𝑘-𝜀 

RNG model (Yakhot and Orszag, 1986) and 𝑘-𝜔 SST 

(Menter, 1993) with low-Reynolds correction) as well as the 

four-equation Transition-SST model (Menter et al, 2004) are 

chosen in this investigation. The obtained findings show no 

notable effect on the resulting leakage mass flow rate �̇� and 

are in good accordance with previous research of the authors 

(Fuchs and Haidn, 2017). 

Influence of cover ring and support ring 

As stated above, the 3D domain with consideration of 

cover and support ring (3D w/ CR/SR) lead to significantly 

higher leakage mass flow rates �̇� for identical inter-bristle 

distances of  = 8 × 10−6𝑚. Initial studies only considering 

the support ring but not the cover ring have shown similar 

results with even higher leakage mass flow rates �̇�. 

Due to the fact, that in the 3D w/ CR/SR setup, as well 

as in the initial studies, the area of the pressure inlet 

boundary surface is increased by a factor of 10, compared to  

Table 3 Relative error 𝒆𝒓𝒆𝒍 of leakage mass flow rate 

�̇� of different dimensional domain settings relating 
to data from MTU Aero Engines AG in the pressure 
ratio range of 𝟐 < 𝚷 < 𝟗. 

Domain 𝒆𝒓𝒆𝒍,𝒎𝒊𝒏[%] 𝒆𝒓𝒆𝒍̅̅ ̅̅ ̅[%] 𝒆𝒓𝒆𝒍,𝒎𝒂𝒙[%] 

Q2D 0.53 1.66 6.91 

3D w/o CR/SR – 1 1.90 3.93 5.42 
3D w/o CR/SR – 2 1.95 3.91 5.56 
3D w/o CR/SR – 3 1.94 3.94 5.56 
3D w/ CR/SR  97.21 100.67 105.45 

above mentioned 3D setups, the mass flow rate �̇� entering 

the domain exceeds that of all other setups by far. 

Consequently the resulting leakage mass flow rates �̇� rises 

substantially as well. 

Since only the inter-bristle distance   is not 

determinable by measurements, and all other geometrical and 

fluid dynamic variables which contribute to influencing the 

mass flow rate �̇� are fixed, the inter-bristle distance   

appears to be not suitable chosen for this case. Therefore, an 

assumption made earlier, constant inter-bristle distance of 

 = 8 × 10−6𝑚 for all simulations, is not tenable for 

simulations with significantly increase inlet surface area. 

Based on these results the inter-bristle distance   is 

reduced gradually to obtain lower mass flow rates �̇�. Figure 

7 shows the numerical solutions plotted with prior mentioned 

validation data (Bayley and Long, 1992; Chew et al., 1995; 

Flouros et al., 2014; Flouros et al., 2015). 

Reducing the inter-bristle distance   by half to a value of 

 = 4 × 10−6𝑚 lead to good accordance compared to these 

experimental and theoretical findings. Relating the results to 

the measurements of the geometrical identical setup of MTU 

Aero Engines AG also shows the best agreement with this 

inter-bristle distance   as well (see Figure 8 and Table 4). 

CONCLUSIONS 

In this study a numerical model of the leakage mass flow 

in a brush seal, based on previous research of the authors 

(Fuchs and Haidn, 2017), has been developed further. 

Validating the resulting data leads to good accordance with 

data from multipe sources. 

Varying the dimensional domain setup shows minor 

deviations regarding the obtained leakage mass flow rate �̇� 

when support and cover ring are not considered and are in 

good agreement with the validation data. Taking into account 

these elements as well as the increase in dimension of the 

domain, this conclusion, however, does not apply to a 

constant inter-bristle distance  . Therefore, continuing  

Figure 7 Correlation of the numerical results of 3D 
w/ CR/SR domain setup against experimental and 
theoretical findings. For all results shown in this 
figure the Transition-SST model (Menter et al., 

2004) for turbulence modelling and 𝑵𝒄 = 𝟏 are used. 
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Figure 8 Influence of inter-bristle distance 𝜹 on the 

leakage mass flow rate �̇� with consideration of 
cover ring and support ring of a brush seal. For all 
results shown in this figure the Transition-SST 
model (Menter et al., 2004) for turbulence modelling 

and 𝑵𝒄 = 𝟏 are used. 

studies reveal the need of recalibrating this varialbe for 

altered dimensional setups resulting in a reduction by half to 

a value of  = 4 × 10−6𝑚. 

Considering the frictional rotor surface shows no notable 

effect regarding the resulting mass flow rate �̇�. This 

statement retains its validity for multiple tested turbulence 

models. 

Generally, this study shows the necessity of modelling 

brush seals with the least amount of approximation possible 

to obtain relaiable and valid results regarding the resulting 

leakage mass flow rate �̇� and its main affecting factor, the 

inter-brisle distance  . Therefore, low dimensional domain 

settings appear not to be adequate in terms of calibrating 

flow models of brush seals with its corresponding validation 

data. 

Table 4 Relative error 𝒆𝒓𝒆𝒍 of leakage mass flow rate 
�̇� of regarding the 3D w/ CR/SR domain settings 

with inter-bristle distance of 𝜹 = 𝟒 × 𝟏𝟎−𝟔𝒎 relating 
to data from MTU Aero Engines AG in the pressure 

ratio range of 𝟐 < 𝚷 < 𝟗. 

Domain 𝒆𝒓𝒆𝒍,𝒎𝒊𝒏[%] 𝒆𝒓𝒆𝒍̅̅ ̅̅ ̅[%] 𝒆𝒓𝒆𝒍,𝒎𝒂𝒙[%] 

3D w/ CR/SR  1.01 2.46 23.10 

NOMENCLATURE 

Abbreviation 

2D Two-dimensional 

3D Three-dimensional 

AG Aktiengesellschaft  

CAD Computer aided design 

CFD Computational fluid dynamics 

CR Cover ring 

Fluent ANSYS® Fluent® 

FLW Frictionless wall 

FSI Fluid-structure interaction 

FW Frictional wall 

𝐺𝐶𝐼 Grid convergence index (Celik et al., 2008) 

ICEM ANSYS® ICEM CFD™ 

MATLAB MathWorks® MATLAB® 

MTU Motoren- und Turbinenunion 

PEEK  Polyether ether ketone 

Q2D Quasi two-dimensional 

RANS Reynolds averaged Navier-Stokes equations 

SIMPLE 
Semi-implicit method for pressure linked 

equations 

SR Support ring (also called backing plate) 

SST Shear stress transport 

SYM Symmetry boundary condition 

Tcl Tool command language 

Dimensionless number 

𝑦+ Dimensionless wall distance ≡ (𝑢∗𝑦)/𝜈 

Greek 

Π Pressure ratio = 𝑝 𝑠/𝑝𝑑𝑠 
  Inter-bristle distance 

𝜔 Specific turbulent dissipation 

𝜙 Variable of interest in 𝐺𝐶𝐼 
𝜈 Kinematic viscosity 

𝜏 Shear stress 

Latin 

�̇� Leakage mass flow rate 

  Height of domain 

Δ𝑝 Pressure difference 

  Length 

𝑁 Number of bristle rows 

  
Distance between cover ring and bristle 

package 

  Diameter 

𝑒 Error 

𝑘 Turbulent kinetic energy 

𝑝 Pressure 

  Width of domain 

𝑢 Velocity 

  Width 

𝑦 Position/Distance to nearest frictional wall 

  Position/Distance to rotor surface 

Subscript 

  Axial 

  Circumferential 

 𝑠 Downstream 

  Radial 

 𝑒  Relative 

𝑠    Static 

 𝑜  Total 

𝑢𝑠 Upstream 

  Wall 

Superscript 

∗ Friction 

→ Vector 

− Mean value 
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APPENDIX A - RESULTS OF GRID CONVERGENCE 
STUDY USING 𝑮𝑪𝑰 (CELIK ET AL., 2008) 

 

Table 5 Results from previous research of the 
authors (Fuchs and Haidn, 2017) regarding grid 
convergence study with grid convergence index 

𝑮𝑪𝑰 (Celik et al., 2008) for quasi-two-dimensional 
domain. For all results presented in this table the 
Transition-SST model (Menter et al., 2004) for 

turbulence modelling, a pressure ratio of 𝚷 = 𝟖. 𝟗𝟎, 

and 𝑵𝒄 = 𝟒 are used. 

 Coarse Middle Fine 

Cells [−] 41800 60800 85724 

  [10−6𝑚]  6.78 5.91 5.26 

  [−]  1.15 1.12 

𝜙 = �̇� [10−2 𝑘𝑔 𝑠⁄ ]  4.78 4.69 4.71 

𝑝 [−]  14.1 

𝜙𝑒𝑥  [10
−2 𝑘𝑔 𝑠⁄ ]  4.12 4.84 

𝑒𝑎 [%]  1.81 0.35 

𝑒𝑒𝑥  [%]  13.93 2.73 

𝐺𝐶𝐼 [%]  14.67 3.36 

 

 

 

 

 

 

 

https://doi.org/10.1115/92-GT-355
https://doi.org/10.1115/92-GT-355
https://doi.org/10.1115/1.2960953
https://doi.org/10.1016/0142-727X(95)00061-T
https://doi.org/10.2514/6.1992-3192
https://doi.org/10.1115/GT2014-25538
https://doi.org/10.1115/1.4029711
https://doi.org/10.1115/GT2012-68354
https://doi.org/10.1115/GT2012-68354
https://doi.org/10.2514/6.1993-2906
https://doi.org/10.1115/1.2184352
https://doi.org/10.2514/6.1994-2700
https://doi.org/10.1016/0017-9310(72)90054-3
https://doi.org/10.1007/BF01061452


8 

Table 6 Results of grid convergence study with grid 
convergence index 𝑮𝑪𝑰 (Celik et al., 2008) for three-
dimensional domain without consideration of 
support ring or cover ring. For all results presented 
in this table the Transition-SST model (Menter et 
al., 2004) for turbulence modelling, a pressure ratio 
of 𝚷 = 𝟖. 𝟗𝟎, and 𝑵𝒄 = 𝟏 are used. 

 Coarse Middle Fine 

Cells [−] 1349568 2768864 8512000 

  [10−6𝑚]  9.50 6.94 4.67 

  [−]  1.37 1.49 

𝜙 = �̇� [10−2 𝑘𝑔 𝑠⁄ ]  4.64 4.58 4.54 

𝑝 [−]  2.05 

𝜙𝑒𝑥  [10
−2 𝑘𝑔 𝑠⁄ ]  4.42 4.47 

𝑒𝑎 [%]  1.31 0.77 

𝑒𝑒𝑥  [%]  3.67 1.61 

𝐺𝐶𝐼 [%]  4.25 1.90 

 

Table 7 Results of grid convergence study with grid 

convergence index 𝑮𝑪𝑰 (Celik et al., 2008) for three-
dimensional domain with consideration of support 
ring and cover ring. For all results presented in this 
table the Transition-SST model (Menter et al., 2004) 

for turbulence modelling, a pressure ratio of 𝚷 =
𝟖. 𝟗𝟎, and 𝑵𝒄 = 𝟏 are used. 

 Coarse Middle Fine 

Cells [−] 2783712 5831270 17182000 

  [10−6𝑚]  15.09 11.13 7.63 

  [−]  1.36 1.46 

𝜙 = �̇� [10−2 𝑘𝑔 𝑠⁄ ]  5.14 5.07 5.03 

𝑝 [−]  2.56 

𝜙𝑒𝑥  [10
−2 𝑘𝑔 𝑠⁄ ]  4.86 4.95 

𝑒𝑎 [%]  1.45 0.72 

𝑒𝑒𝑥  [%]  4.26 1.59 

𝐺𝐶𝐼 [%]  4.90 1.87 

 


