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ABSTRACT: 

 
Gas turbines operate with medium of very high temperatures, which requires using advanced 

materials for vanes and blades and sophisticated methods of their cooling. Other parts of the 
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turbine have to be protected from contact with hot gases. Discs that hold vanes and blades are 

especially exposed to this danger. In order to avoid it certain improvements have to be applied: 

providing sealing air and adjusting geometry of the hub to make the ingress to the cavity (space 

between discs)more difficult. This thesis concerns CFD investigation of the influence of the 

amount of sealing air on sealing efficiency and on the flow in the main annulus. 

The first part concerned literature study. Phenomena of ingress and interaction between main 

flow and sealing air were described. Different methods of estimating efficiency were shown.  

The second part focused only on the main path of the gas, modeling secondary air as constant and 

uniform outflow through the opening. The aim was to investigate how the power and reaction 

rate depend on the secondary air. The results were also exported to be used as boundary condition 

in the second part of the thesis. 

The last part concerned only the cavity – conditions at the main annulus were taken from the 

main annulus solution. Pressure in specified locations was measured and used to calculate sealing 

efficiency. Results were compared with the theoretical equations from the literature study. A 

structure of the flow inside the cavity was analyzed for several different amounts of the sealing 

flow. 

A method of unsteady flow analysis was developed and described. It was successfully 

implemented which proves that the method is promising.However, some improvements are 

necessary to obtain stable solution and research in this field should be continued. 
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NOMENCLATURE 
Symbol Description Unit Definition 

AA, AB Flow areas of sections A, B m2 - 
b Radius of the seal m - 

B, C Constants - - 

ca, co, cs 
Concentration in main flow, sealing air, on 

stator surface 
- - 

CP Pressure coefficient - 𝐶𝑃 =
∆𝑝

1

2
𝜌𝛺2𝑏2

 

CW Non-dimensional superposed flow rate - 𝐶𝑊 =
m 

𝜇𝑏
 

CW,min 
Minimal non-dimensional superposed flow 

rate 
- 𝐶𝑊 =

m min

𝜇𝑏
 

Ɛ Sealing efficiency - - 

ƐC 
Sealing efficiency based on concentration 

measurement 
- 𝜖𝐶 =  

𝑐𝑠 − 𝑐𝑎
𝑐𝑜 − 𝑐𝑎

 

Ɛp 
Sealing efficiency based on pressure 

measurement 
 𝜀𝑝 = 1 − 𝛤𝐶  

1 − 𝑔

𝑔
 

3/2

 

G Gap ratio - 𝐺 =
𝑆

𝑏
 

g 
Normalized axisymmetric pressure 

parameter 
- 𝑔 =

𝑝1 − 𝑝2,𝑚𝑖𝑛

∆𝑝
 

Gc Seal-clearance ratio - 𝐺𝐶 =
𝑆𝐶

𝑏
 

K Empirical constant - - 
M Mach number in the annulus - - 

minlet Mass flow rate of air at inlet kg/s  

moutlet, mtotal Mass flow rate of air at outlet kg/s 
moutlet= mtotal= mpurge+ 

minlet 
mpurge Purge air mass flow rate kg/s - 

MZ Axial Mach number in the annulus - - 
N Number of blades - - 
p1 Static pressure inside the cavity Pa - 

p2,max Maximum static pressure in the annulus Pa  
p2,min Minimum static pressure in the annulus Pa  
pA, pB Static pressure in section A, B   
pinlet Mean static pressure at inlet Pa - 
Pmax Non-dimensional pressure parameter - Pmax = 0.5𝐶𝑃𝑅𝑒𝑊

2  
poutlet Mean static pressure at outlet Pa - 

q Flow rate m3/s - 

ReS  Gap Reynolds number - ReS =
ΩS2

ν
 

ReW Axial Reynolds number in the annulus - 𝑅𝑒𝛷𝑊 =
𝜌𝑊𝑏

µ
 

ReΦ Rotational Reynolds number - 𝑅𝑒𝛷 =
Ω𝑟2

ν
 

S Seal clearance between rotor and stator m - 
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SC Seal clearance m - 
vA, vB Velocities in A, B m/s - 

W Axial compound of velocity in the annulus m/s - 

xA 
Axial coordinate of pressure measurement 

location 
m - 

z Axial coordinate m - 

ΓC Ratio of discharge coefficients - 𝛤𝐶 =
𝑐𝐷,𝑖

𝑐𝐷,𝑒
 

Δp 
Time-averaged peak-to-trough static 

pressure difference in the main annulus 
Pa ∆𝑝 = 𝑝2,𝑚𝑎𝑥 − 𝑝2,𝑚𝑖𝑛  

ζ, ψ Similarity parameters - - 
ν Kinematic viscosity m2/s - 

ξ Non-dimensional decay rate - 𝜉 =
𝑁

𝑟
∙
 1 − 𝑀2

1 − 𝑀𝑧
2

 

ρ Density kg/m3  

Φ0 Non-dimensional sealing flow rate - Φ0 =
CW

2πGC ReΦ
 

Φ0* 
Maximum Φ0 which can be ingested into the 

cavity 
- - 

Φ0,min Minimum non-dimensional sealing flow rate - Φ0,min =
CW,min

2πGC ReΦ
 

Ω Rotational speed rad/s - 
𝑔 ∗ 𝑔  for Φ0=0 and Ɛ=0 - - 

𝜀𝑝  Efficiency in the sweet spot - 𝜀𝑝 = 1 − 𝛤𝐶  
1 − 𝑔 

𝑔 
 

3/2

 

𝑐𝐷 ,𝑖 , 𝑐𝐷,𝑒  Discharge coefficients for ingress and egress - - 

𝑔  
Normalized pressure difference in the sweet 

spot 
- - 

𝑥  Axial coordinate of the sweet spot m - 
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1. INTRODUCTION 

The thesis was a part of Swedish research program Turbopower and was conducted as a part of 

student Exchange at KTH in Stockholm under the supervision of Johan Dahlqvist and was supported 

by Piotr Łapka from home university, Warsaw University of Technology. 

1.1.   BACKGROUND 

In every thermodynamic cycle the efficiency depends on mean temperatures of heat source and 

sink. One of the main ways to improve efficiency of a gas turbine is then to increase the temperature 

of hot gases entering the turbine. In recent decades, this temperature has been risen to about 

1500 ⁰C. It would not be possible without the development in the material science. Today, the 

process of blades manufacturing is very complicated and requires using advanced materials like 

high alloy steels and ceramic coating. Moreover, inside the blades there are cooling systems with 

hollowed canals and openings. Only thanks to these materials, structures and manufacturing 

process it is possible to work with fluids of high temperatures, often over the melting point of the 

component materials. However, these technologies are very complex and expensive and they should 

be used only in places where it is necessary. Other parts of the machine which cannot stand very 

high temperatures have to be protected from the contact with hot gases. 

One of the places at risk of exposure is a surface of a disc holding vanes or blades - hot gas may find 

a way from the main path to the space between stationary and rotating discs and reduce their 

durability. This possible ingestion is usually countered by combing two methods: introducing rim 

seal and providing purge air (Figure 1). 
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Figure 1: Purge air through the rim seal between the main annulus and the cavity (1) 

It is important to choose appropriate shape of the rim seal and the amount of purge air. 

The sealing should be very narrow to make the flow from the main annulus to the cavity difficult. 

However,  it should be remembered that different parts of the whole machine are manufactured 

from different materials and therefore have different coefficients of thermal expansion. Because of 

that, the distance between parts varies in time, depending on current thermal conditions, and for 

safe handling of the turbine some space between rotating and stationary discs has to be left. 

The amount of the sealing air should be large enough to prevent ingress of hot gases into the cavity. 

However, this purge air can also be considered as a loss. It has low temperature, there are losses due 

to mixing and it influences velocity vectors near the hub, which can lead even to boundary layers 

separation and stall. The purge air flow should be as little as possible, but large enough to prevent 

ingress. 

1.2.   OBJECTIVES 
The purpose of this work is to investigate the interaction between main flow in the annulus and 

sealing air provided from the cavity by use of the CFD software. Also, the flow structure inside the 

cavity will be analyzed. An important aim of the thesis is to estimate the amount of the purge air 

necessary to prevent ingress and to compare it with available theoretical studies. The last objective 

is to conduct unsteady analysis and to capture unsteady pressure structures that are reported to 

appear inside the cavity. 
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2. LITERATURE STUDY 

2.1.   FLOW REGIMES INSIDE THE CAVITY 

2.1.1. WITHOUT PURGE AIR 
For a system without the purge air and with variable axial clearance between discs, a gap Reynolds 

number is defined (2) as  

 𝑅𝑒𝑆 =
𝛺𝑆2

𝜈
 [1]  

When ReS is large, boundary layers are formed on the discs surfaces with rotating core between 

them. Experiments done in 1960 by Daily and Nece showed that there are four basic regimes, 

depending on the rotational Reynolds number 𝑅𝑒𝛷  and the gap ratio 𝐺 (Figure 2). 

 𝑅𝑒𝛷 =  
𝛺𝑟2

𝜈
 [2]  

 𝐺 =
𝑆

𝑏
 [3]  

 

Figure 2: Flow regimes (without purge air) 

1. Laminar flow for narrow cavity, with merged boundary layers on both discs. Couette flow 

type. 

2. Laminar flow for wider cavity. There are boundary layers on both discs, but the rotating core 

between appears. 

3. Turbulent flow for narrow cavity, similar to I. 
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4. Turbulent flow for wider cavity, similar to II.  

For large rotational Reynolds number the radial flow occurs mainly in boundary layers and 

between them there is a core region. For very large gap between discs the core is less intense 

and can even disappear. (3) 

The rotary motion of one of the discs creates a radial pressure gradient with high pressure regions 

for large radius. As a result, the internal pressure inside the cavity may be lower than the pressure 

outside and it may cause an egress near the rotating wall and ingress near the stationary wall. The 

ingested air mixes with the rotating structure inside the cavity and is transported down by the 

stator's boundary layer (Figure 3). 

 

Figure 3: Flow inside the cavity without supplying superposed flow (2) -conceptual figure 

2.1.2. WITH PURGE AIR 
The sealant provided to the system from the bottom mixes with rotating core in the cavity and 

travels by the rotor boundary layers up to the seal clearance (Figure 4). 
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Figure 4: Flow inside the cavity with superposed flow included - conceptual figure 

In addition to the factors mentioned in previous point, the flow depends also on the amount of 

purge air. This dependence can be expressed by the non-dimensional superposed flow rate 𝐶𝑊 : 

 𝐶𝑊 =  
𝑚 

𝜇𝑏
 [4]  

 

The flow regimes are similar to the previous case, however the transition from laminar to turbulent 

flow can occur at lower rotational Reynolds number (2). b is the radius of the seal and 𝜇 is dynamic 

viscosity. 

The minimal sealant flow necessary to prevent ingress (𝑚𝑚𝑖𝑛 ) corresponds to minimal non-

dimensional superposed flow-rate 𝐶𝑊 ,𝑚𝑖𝑛 : 

 𝐶𝑊 ,𝑚𝑖𝑛 =  
𝑚𝑚𝑖𝑛 

𝜇𝑏
 

 

[5]  

 

2.2. TYPES OF INGRESS 

There are 2 main mechanisms responsible for ingress: rotationally induced and externally induced 

ingress.   

2.2.1. ROTATIONALLY INDUCED INGRESS  
This type of ingress occurs when the external flow is axisymmetric (4). The mechanism is analogous 

to the one described above: rotating motion of one disc creates a pressure gradient and inside the 
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cavity a region of low pressure appears and enables ingress from surroundings. This ingress can be 

prevented by supplying the amount of sealant enough to obtain sufficient pressure in the core. The 

method of estimating necessary amount of the purge air can be found in the literature (4). However, 

in most gas turbines (without double seals) this kind of ingress is often considered as negligible and 

will not be described in this work. (1) 

2.2.2. EXTERNALLY INDUCED INGRESS 
In gas turbines the external flow is not uniform, as the pressure varies according to current set of 

vanes and blades. Because of that factor, in some regions of the cavity the pressure can be higher 

than in corresponding parts of the external flow, and in other regions it can be lower. Studies by 

Phadke and Owen (5) showed that for high axial velocities outside the cavity the importance of 

rotationally induced ingress is limited and the external flow becomes a dominant factor influencing 

ingress (Figure 5). 

 

Figure 5: The effect of ReΦ and ReW on the necessary sealant flow 

𝑅𝑒𝑊 is a Reynolds number referred to the axial compound of velocity in the external flow 

 𝑅𝑒𝑊 =
𝜌𝑊𝑏

𝜇
 [6]  

 

The figure shows that for high axial velocity of the external flow the minimal amount of sealing air 

that should be provided is nearly independent from the rotational speed of rotor: for 𝑅𝑒𝑊  of about 
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106 and larger (which is typical for gas turbines), the rotational Reynolds number has no significant 

impact on 𝐶𝑤 ,𝑚𝑖𝑛 . External flow of high velocity induces a strong pressure gradient in angular 

direction and small subpressure caused by the rotating core inside the cavity becomes relatively 

less and less significant. 

Phadke and Owen tested different configurations of seals in 1988 and obtained equations describing 

the externally induced ingress: 

 𝐶𝑊 ,min = 2𝜋𝐾𝐺𝐶𝑃max   [7]  

 

where 

 𝑃max  = 0.5𝐶𝑃𝑅𝑒𝑊
2   [8]  

 

𝐶𝑝  is a dimensionless parameter representing pressure variation in the external flow: 

 𝐶𝑃 =
∆𝑝

1

2
𝜌𝛺2𝑏2

 [9]  

 

∆𝑝 is the time-average peak-to-through difference in static pressure in the external flow. 

GC is seal-clearance ratio: 

 𝐺𝐶 =
𝑠𝐶
𝑏

 [10]  

 

K is an empirical constant dependent on the geometry only. 𝐶𝑊 ,min  is proportional to ∆𝑝, which 

means that proper measurement of pressure in external flow is critical for obtaining reliable results. 

This issue will be discussed later in this thesis. 

Later research (6) showed that pressure difference is not the only one important factor, but the 

shape of pressure profile should also be taken into consideration.  Green and Turner (7) used full 

rotor-stator system and noticed that the ingestion is least intense for no external flow (velocity = 0) 

and the set with just vanes causes the largest ingress. Surprisingly, adding blades to the system 

reduces the amount of gas transported to the cavity, which was explained as a result of smoothing 

pressure profiles by the blades (2). What is more, in this case ingress was even smaller than for the 

axissymmetric flow (Figure 6). Sealing efficiency is represented by the non-dimensional gas 

concentration. It is a tracking gas concentration measured inside the cavity divided by the 

concentration in sealing air. 
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Figure 6: Sealing efficiency depending on the kind of the external flow (2) 

However, other research at Aachen University shows that blades increase ingress, and research at 

the University of Bath points that blades do not have significant influence on ingress and the 

pressure gradient created by vanes is a dominant factor (8). These results show that there is not just 

one single model which could describe the phenomena and prediction of  ingress can often be 

unreliable and difficult. 

2.2.3. BOHN AND WOLFF MODEL 
 In 2003 (9) Bohn and Wolff used the full turbine set and compare their results with previous data 

from other research studies. With obtained results (Figure 7) they  proposed a new  equation for 

𝐶𝑊 ,min : 

 𝐶𝑊 ,min = 𝐾 ∙ 𝐺𝐶 ∙ 2𝜋 ∙  0.5𝐶𝑃 ,𝑚𝑎𝑥 ∙ 𝑅𝑒𝑊  
 

[11]  
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Figure 7: Summary of the results obtained by Bahn and Wolff (2003) 

2.2.4. SANGAN MODEL 
Another model was developed at the University of Bath, where effectiveness equations were 

proposed: 

 
𝛷0

𝛷𝑚𝑖𝑛
=

𝐶𝑊

𝐶𝑊 ,𝑚𝑖𝑛
=

𝜀 

 1 + 𝛤𝐶
−2/3 1 − 𝜀 2/3  

3/2
 [12]  

 

where 𝛷0 is a dimensionless sealing flow rate: 

 𝛷0 =
𝐶𝑊  

2𝜋𝐺𝐶𝑅𝑒𝛷
=

𝑈

𝛺𝑏
 [13]  

 

𝜀 is the sealing efficiency. There are 2 different definitions of 𝜀 which can give different results for 

the same case. The issue will be disused later. 

The first definition uses measured concentration of tracked gas in different locations: 

 𝜀𝑐 =
𝑐𝑠 − 𝑐𝑎
𝑐𝑜 − 𝑐𝑎

 [14]  
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Subscripts a, o and s refer to the annulus, sealing air and stator surface respectively. As 

concentration varies with both radius and axial coordinate, 𝜀 is also not constant in the cavity. 

 𝛤𝐶  is the ratio of the discharge coefficients for ingress and egress: 

 𝛤𝐶 =
𝐶𝐷 ,𝑖  

𝐶𝐷 ,𝑒
 [15]  

 

U is average velocity of the sealing flow through the seal clearance, Ω is the rotational velocity of the 

rotor and b is the radius of the seal. The equation above is usually used with the efficiency based on 

concentration measurement. 

To use these equations, it is necessary to determine 𝛷0 and 𝛤𝐶 . 𝛤𝐶  is an empirical coefficient 

determined by use of the orifice model or by sophisticated methods based on statistical analysis and 

numerical validation . The estimation of these 2 parameters is a subject of several studies, as (10) or 

(11). In this study it will be determined by solving another simplified numerical case which 

simulates an orifice model. The method will be described in the next point.  

The second definition of sealing efficiency is based on the measurement of pressure inside the cavity 

and in the external flow. It was developed by Owen (12) and Sangan (1) which concluded with 

formulating equations for ingestions dependent on the normalized axisymmetric pressure 

parameter: 

 𝑔 =
𝑝1 − 𝑝2,𝑚𝑖𝑛

∆𝑝
 [16]  

 

∆𝑝 is the time-averaged peak-to-trough static pressure difference in the main annulus. These 

equations are (2): 

 
𝛷0

𝛷𝑚𝑖𝑛
= 𝑔3/2 − 𝛤𝐶 1 − 𝑔 3/2 [17]  

 𝜀𝑝 = 1 − 𝛤𝐶  
1 − 𝑔

𝑔
 

3/2

 

 

[18]  

 

𝜀𝑝  is sealing efficiency based on pressures. 

It is also useful to estimate how much gas enters the cavity (for 𝛷0 < 𝛷𝑚𝑖𝑛 ) (2): 

 
𝛷0 = 𝛷𝑚𝑖𝑛

1 − 𝜖

 1 + 𝛤𝐶
−

2

3 1 − 𝜖𝑝 
2/3

 

3/2
 

[19]  

 

For 𝛷0 = 0 we get 𝜖 = 0 and maximum 𝛷0 which can be ingested into the cavity: 



Page 20 of 76 
 

 
𝛷0

∗ = 𝛷𝑚𝑖𝑛

1

 1 + 𝛤𝐶
−

2

3 

3/2
 

[20]  

 

Again, it should be noticed that 𝛤𝐶  and g (or 𝛷𝑚𝑖𝑛 ) are empirical coefficients and it has been shown 

that data should be collected from at least 16 measurement points to get reliable results (2). 

In the test turbine measurement points are located on a stator surface, 4.1mmm downstream of the 

vane trailing edge, which is about 1mm from the end of the stator disc, similarly to other studies (2). 

Location of the measurement point is also presented in Figure 8. An overview of the stage is 

presented in Figure 9. 

 

Figure 8: Pressure measurement point - conceptual picture 
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Figure 9: Overview of the stage 

Owen in (8) described the way how to refer results from any location to the "sweet spot" location, 

where 𝜖𝑝 = 𝜖𝑐  for any sealing flow rate. The method is shortly described in the point 2.2.6. 

2.2.5. DISCHARGE COEFFICIENTS ESTIMATION 
The role of discharge coefficients is to define the difference between theoretical Bernoulli flow and 

the real one. 

Bernoulli equation describes the flow through the tube of variable section's area. For a steady, 

horizontal, incompressible, inviscid and irrotational flow: 

 𝑝𝐴 +
1

2
𝜌𝑣𝐴

2 =  𝑝𝐵 +
1

2
𝜌𝑣𝐵

2  [21]  

 

Assuming uniform velocity profiles in both sections: 

 𝑞 = 𝑣𝐴𝐴𝐴 = 𝑣𝐵𝐴𝐵  [22]  

 

where A1 and A2 are flow areas and q is the flow rate. Combining these 2 equations (assuming 

A2<A1): 

 𝑞 = 𝐴𝐵 
2(𝑝𝐴 − 𝑝𝐵)/𝜌

1 −  
𝐴𝐵

𝐴𝐴
 

2  [23]  
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For given geometry, the flow rate (of incompressible fluid) depends only on the pressure difference. 

In real situation the flow rate is lower, which can be described with use of the discharge coefficient 

𝑐𝑑 : 

 𝑞 = 𝑐𝑑𝐴𝐵 
2(𝑝𝐴 − 𝑝𝐵)/𝜌

1 −  
𝐴𝐵

𝐴𝐴
 

2  [24]  

 

The discharge coefficient is relatively constant for wide range of pressure and Reynolds number 

(13). 

For the purpose of this thesis the knowledge of  discharge coefficients for flow in both directions is 

required. A simplified model of the cavity with no external flow (atmospheric pressure all around 

the cavity) and motionless rotor was proposed. The amount of air going in or out the cavity by the 

"purge air inlet" opening was adjusted to obtain flow in both directions and to enable discharge 

coefficients good estimation. 

2.2.6. REFERRING PRESSURE MEASUREMENTS AT GIVEN POINT TO THE SWEET SPOT 
This section is based on the study done by Owen in (8). 

It was mentioned before that 𝜖𝑝  depends on the location of pressure measurement points' location 

(distance between measurement points and the edge of the disc). In the test turbine the distance is 

around 1mm. 

Chew, Green, Turner and Hills investigated pressure variation in the external flow and concluded 

with the formula for the first harmonic of the pressure asymmetry decay: (14) (15) 

 𝑒−𝜉𝑧  [25]  

 

where 

 𝜉 =
𝑁

𝑟
∙
 1 − 𝑀2

1 − 𝑀𝑧
2

 [26]  

 

𝜉 is a nondimensional decay rate, 𝑁 is the number of blades, 𝑀 is the Mach number of the external 

flow and 𝑀𝑧  is the axial Mach number. 𝑧 is an axial coordinate. (16) 

Let's define 𝜖 𝑝 = 𝜖𝑝 = 𝜖𝑐 , 𝑥 = 𝑥 and 𝑔 = 𝑔 as efficiency, axial coordinate and normalized pressure 

difference in the sweet spot.  Then: 

 𝜀𝑝 = 1 − 𝛤𝐶  
1 − 𝑔 

𝑔 
 

3/2

 [27]  
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As 𝜀𝑝 = 𝜀𝑐 , we can combine it with equation 12 to get  

 𝑔 =
1

 1 + 𝛤𝐶
−2/3 1 − 𝜀 2/3  

2/3
 [28]  

 

Defining 𝑔 ∗ = 𝑔   for 𝛷0 = 0 and 𝜀 = 0: 

 𝑔 ∗ =
𝛤𝐶

2/3

1 + 𝛤𝐶
2/3

 [29]  

𝑝2,𝑚𝑖𝑛 , 𝑝2,𝑚𝑎𝑥  and 𝛥𝑝 depend on the axial direction and on the sealant flow 𝛷0. It is assumed that the 

pressure is uniform inside the cavity, so 𝑝1depends only on 𝛷0. It can be written as: 

 

 𝑔 𝛷0, 𝑥 =
𝑝1 𝛷0 − 𝑝2,𝑚𝑖𝑛 (𝛷0,𝑥)

𝛥𝑝(𝛷0, 𝑥)
 [30]  

 

If A is the location of pressure measurement: 

 𝑔 𝛷0, 𝑥𝐴 =
𝑝1 𝛷0 − 𝑝2,𝑚𝑖𝑛 (𝛷0,𝑥𝐴)

𝛥𝑝(𝛷0, 𝑥𝐴)
 [31]  

 

Combining both equations: 

 𝑔 𝛷0,𝑥 =
𝛥𝑝(𝛷0, 𝑥𝐴)

𝛥𝑝(𝛷0, 𝑥)
𝑔 𝛷0, 𝑥𝐴 +

𝑝2,𝑚𝑖𝑛  𝛷0,𝑥𝐴 − 𝑝2,𝑚𝑖𝑛 (𝛷0,𝑥)

𝛥𝑝(𝛷0,𝑥)
 [32]  

 

Let's separate 𝛥𝑝(𝛷0,𝑥) into  

 𝛥𝑝 𝛷0,𝑥 = 𝛥𝑝(𝛷0, 𝑥𝐴) ∙ 𝜁 𝑥  [33]  

 

and 𝑝2,𝑚𝑖𝑛  𝛷0,𝑥𝐴 − 𝑝2,𝑚𝑖𝑛 (𝛷0,𝑥) into 

 𝑝2,𝑚𝑖𝑛  𝛷0,𝑥𝐴 − 𝑝2,𝑚𝑖𝑛  𝛷0,𝑥 = 𝑝2,𝑚𝑖𝑛  𝛷0,𝑥𝐴 − 𝑝2,𝑚𝑖𝑛 (𝛷0,𝑥) ∙ ψ(𝑥) [34]  

 

𝜁 𝑥  and ψ(𝑥) are called similarity parameters and are assumed to be invariant with the sealant 

flow. At location A 𝜁 𝑥𝐴 = 1 and ψ 𝑥𝐴 = 0. Using these parameters it can be written that 

 
 
𝑔 𝛷0, 𝑥 =  𝜁 𝑥 −1 𝑔 𝛷0, 𝑥𝐴 − ψ(𝑥)  

 

[35]  
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For the sweet spot 

 𝑔 𝛷0, 𝑥  = 𝑔   𝛷0 = 𝜁 𝑥  −1 𝑔 𝛷0, 𝑥𝐴 − ψ(𝑥 )  
 

[36]  

 

ψ(𝑥 ) and 𝜁 𝑥   are constants, so it may be written that  

 𝑔   𝛷0 = 𝐵𝑔 𝛷0, 𝑥𝐴 + 𝐶 [37]  

 

𝑔   𝛷0  is calculated by previously mentioned equation 28. 

Constants B and C are independent from the sealant flow and should be estimated by the linear 

regression of 𝑔  versus 𝑔 𝛷0,𝑥𝐴 . This approach demands at least several different sealant flows to 

obtain proper values of B and C. 

The sealing efficiency 𝜀𝑝  is equal to 

 𝜀𝑝 = 1 − 𝛤𝐶  
1 − 𝐶 − 𝐵𝑔 𝛷0,𝑥𝐴 

𝐵𝑔 𝛷0,𝑥𝐴 + 𝐶
 

3/2

 [38]  

 

This efficiency should be equal to measured 𝜀𝑐 . 

2.3. UNSTEADY PRESSURE STRUCTURES 

Several experimental, theoretical and CFD studies (17) (16) (18) (19) report presence of rotating 

pressure structures inside the cavity. These structures are believed not to be directly connected to 

the motion of blades, as the frequency of fluctuations is below the frequency of the rotor (80-97% 

depending on study). They appear for low and medium purge air flows, for high flows they are not 

visible anymore. The phenomena is important as in the areas of low pressure the ingress into the 

cavity is most probable. As the frequency differs from the frequency of rotor, it is possible that low 

pressure region inside the cavity meets high pressure area in the annulus.  

Some researchers link fluctuations with interaction between the main flow and sealing air, however 

the phenomena is still poorly examined and difficult to capture by theoretical and CFD studies. 

Results vary in terms on the number of detected regions, frequency and amplitude. No quantitative 

study has been conducted yet. 
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4. METHODOLOGY 

4.1.  TEST TURBINE 

The study is a part of the Turbopower research program performed on an experimental turbine 

installed at the Energy Department at KTH in Stockholm. The turbine blades have not been mounted 

yet, so the validation could not be done. 

The turbine is a single-stage cold-flow machine with 42 stator vanes and 60 rotating blades, running 

on air (3). An overview of the turbine is presented in Figure 10 

 

Figure 10: Test turbine (3) 

More details about the turbines are given in Table 1. Rotational speed of the rotor is 10270 rpm. 



Page 26 of 76 
 

Table 1: Geometrical characteristics of the turbine (3) 

 

4.2.  CFD MODELING 

This thesis is based on previous work done by Minoo Arzpeima (3) and uses its conceptual 

assumptions. The task was divided into 2 separate cases: investigation of the main annulus (without 

the cavity) and the cavity only, without modeling vanes nor blades (see Figure 10). The results of 

the main annulus calculation were used as boundary conditions for the cavity model. The aim was to 

save computational resources. 

Both "steady" and unsteady cases were analyzed. Steady calculation of annulus model (containing 

rotating domains) requires transition between the stationary and rotating domain, which is possible 

thanks to using the Stage Interface Model, with circumferential averaging of all variables at the 

interface plane. Both vane and blades passage are modeled with steady boundary conditions (with 

velocity at wall corresponding to the rotational speed and radius). They are connected with 

mentioned Stage Interface Model. It is reported to give relatively good results, but does not consider 

circumferential distortions at the inlet to the blade row and interaction between the vanes and 

blades (3). 

Unsteady calculation of the annulus uses Transient Blade Row Model. It was developed to reduce 

time required to calculate complex cases with unequal numbers of blades and vanes. It uses so 

called phase shifted periodic boundary conditions" and using only one vane and one blade is 

possible. Flow equations are modified by time transformation so that simple periodic boundary 

conditions on the pitch-wise boundaries can be used. (3) 

In the cavity model there are no moving domains and using a rotating wall boundary condition is 

enough for both steady and unsteady cases - the velocity at rotating wall corresponds to the rotating 

speed and radius. For steady case, boundary conditions at inlet and outlet  are constant in time, 

imported from the "Stage Interface Model" results. Unsteady case uses different boundary 

conditions in each time step and they are imported from the solution of "Transient Blade Row 

Model" (separate profiles imported for each time step). 
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5. MODELS 

5.1. MAIN ANNULUS MODEL 
For the simplification, only one stator blade passage was analyzed. The geometry of the model is 

shown in Figure 11. 

 

Figure 11: Main annulus geometry 

The influence of the cavity was simulated as adjusted geometry with an opening in the hub with 

total mass flow through it. The accuracy of the cavity model is strongly dependent on reliable 

pressure profiles on its inlet and outlet in regions near the seal. This profile is influenced by the 

purge air flow. As will be shown later, the flow in the sealing area is very turbulent and disturbed by 

swirls. For simplification, in the main annulus model it was assumed that the purge air outflows 

through the opening uniformly in axial direction. The difference between 2 cases (with and without 

the opening) can be seen in Figure 12. 

 

Figure 12: Geometry of the rotor passage without and with the opening in the main annulus model 
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The mesh created with ANSYS Turbogrid 15 consists of hexahedra 545759 elements, with y+ on 

rotor's and stator's hubs below 5.  

Both steady and unsteady cases are calculated. The software used was ANSYS CFX 15. The results of 

the steady case is used as a source of initial conditions for the unsteady calculation. The simulation 

of transient case is conducted with a time step 3.4775e-6 s, which corresponds to 1/40 of a pass of 

one blade. 2 passes were analyzed. 

The results are used as boundary conditions in the cavity model. The planes which work as cavity's 

inlet and outlet are shown below. The distance between them is 0.77cm (Figure 13). 

 

Figure 13: Inlet out outlet planes for the cavity model 

5.2. THE CAVITY MODEL 
The 3D geometry of the cavity was obtained by sweeping 2D section (Figure 14). 



Page 29 of 76 
 

 

Figure 14: 2D section of the cavity geometry 

The mesh consists of 1590994 elements, with 600 elements in tangential direction. It is more dense 

in the sealing area and rather coarse near the top wall and in the center (Figure 15). 
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Figure 15: 3D mesh of the cavity 

y+ in the sealing area is usually much below 5, although on surfaces which adhere to the main path 

in some parts they grow up to 15. On the discs surfaces y+ is also below 10 (Figure 16, Figure 17). 
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Figure 16: y+ on the rotating disc surface (mpurge=0.1%mtotal) 
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Figure 17: y+ on the stationary disc (mpurge=0.1%mtotal) 

Maximal skewness is 0,78.  

For steady case 14 purge air flows were analyzed (the model of the main annulus was also adjusted 

to each case): 0%; 0,015%; 0,03%; 0,045%; 0,06%; 0,075%; 0,1%; 0,2%; 0,5%; 1%; 1,5%; 2%; 3.5% 

and 5%, as a percentage of total mass flow (main flow +purge air) - see   
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Table 2. The flow was governed by pressure at inlet and outlet (2.167 bar and 1 bar) 
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Table 2: Cavity calculation - analyzed cases 

mpurge [kg/s] mpurge/mtotal [%] Cw [-] 

0 0.00000 0 

0.0005 0.01486 159.3426 

0.001 0.02972 318.6853 

0.0015 0.04458 478.0279 

0.002 0.06069 637.3706 

0.0025 0.07592 796.7132 

0.003345 0.10166 1066.045 

0.006697 0.20185 2134.232 

0.016793 0.50698 5351.782 

0.033759 1.01436 10758.45 

0.050902 1.55288 16221.7 

0.068228 2.05494 21743.29 

0.121364 3.48433 38676.92 

0.176372 5.14053 56207.15 

 

A pressure-based solver was used. Mach number in the main annulus can be high. At the inlet to the 

cavity Mach is up to 0.6, which could suggest using a density-based solver (more appropriate for the 

compressible flow). However, in the sealing area, which is the most important, it is much lower and 

a pressure-based model seems to be better. 

5.3. BOUNDARY CONDITIONS 
The boundary conditions consists of stationary and rotating walls, two inlets and one outlet. BCs for 

the main inlet and outlet are imported from the main annulus solution. For the inlet these are: 

velocity vector compounds, static pressure, temperature, k and omega; for the outlet: static 

pressure. For the unsteady case direct import was not possible due to the computational limitations 

and differences between software used (the cavity is modeled in ANSYS FLUENT). The following 

method of importing values was developed: 

1. Export files from CFX with BCs for each of 40 time steps for one pass of the blade. 

2. Expand BCs to all vanes/blades, with regard to the direction of velocity vectors. 

3. Divide the whole inlet/outlet into small areas with similar radius and angular coordinate and save 

all points in each area for each parameter to separate files, over 700 000 files for inlet and 100 000 

files for outlet were created. 

5. In FLUENT, before starting calculation the files are loaded into a table in the memory that stores 

all the values. 

4. For each time step and each point macro finds corresponding part of the table and looks for the 

point located closest to the concerned one. The macro determines corresponding time step, 
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vane/blade, radius and angular "position" in this vane/blade. The time steps in both simulations are 

correlated, one "FLUENT" time step corresponds to two "CFX" time steps. 

6. GOVERNING EQUATIONS 
This section is based on the Theory Guide from ANSYS manual (20). 

The calculation is based on several equations: 

Conservation of energy 

Energy equation is derived from the first thermodynamic law. 

 
𝜕(𝜌𝑖)

𝜕𝑡
+ div 𝜌𝑖𝒖 = −𝑝 div 𝒖 + div 𝑘 grad 𝑇 +  𝚽 + 𝑆𝑖  [39]  

 

i refers to the internal energy. Potential energy is included in the source term. Fourier's law of heat 

conduction is used to relate heat flux to temperatures. The first term of the right side refers to the 

work done by pressure. Viscous stresses is described by the dissipation function 𝚽. 

Conservation of mass (continuity equation): 

 
𝜕𝑝

𝜕𝑡
+ ∇ 𝜌𝑣  = 0 [40]  

 

It is assumed that no mass is generated in the system. 

Conservation of momentum (in an inertial reference frame): 

 𝜏 = 𝜇   ∇𝑣 + ∇𝑣 𝑇 −
2

3
∇𝑣 𝐼  [41]  

 

𝜇 is the molecular viscosity, 𝐼 is the unit tensor, the second term on the right side is the effect of 

volume dilation. 

It is assumed that the system is not subjected to gravity or any external force. 

The shear-stress transport (SST) 𝑘 − 𝜔 model of turbulence is used. It was developed to effectively 

combine robust and accurate formulation of the 𝑘 − 𝜔 model in the near-wall region with the 

freestream independence of the 𝑘 − 𝜖 model in the far field. 𝑘 − 𝜖 is then converted into 𝑘 − 𝜔, with 

refinements: 

 The standard 𝑘 − 𝜔 model and transformed 𝑘 − 𝜖 model are both multiplied by a blending 

function and they are added together. The blending function gives 1 near the wall and 0 far 

from the surface. 

 The SST model incorporates a damped cross-diffusion derivative term in the 𝜔 equation. 
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 Definition of the turbulent viscosity is modified to account for the transport of the turbulent 

shear stress. 

 Modeling constants are modified. 

Transport equations for the SST 𝑘 − 𝜔 model: 

 
𝜕

𝜕𝑡
 𝜌𝑘 +

𝜕

𝜕𝑥𝑖

 𝜌𝑘𝑢𝑖 =
𝜕

𝜕𝑥𝑗
 𝛤𝑘

𝜕𝑘

𝜕𝑥𝑗
 + 𝐺𝑘 − 𝑌𝑘  [42]  

 
𝜕

𝜕𝑡
 𝜌𝜔 +

𝜕

𝜕𝑥𝑗
 𝜌𝜔𝑢𝑗 =

𝜕

𝜕𝑥𝑗
 𝛤𝜔

𝜕𝜔

𝜕𝑥𝑗
 + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔  [43]  

 

𝐺𝑘  is the production of turbulent kinetic energy, is defined similarly to standard 𝑘 − 𝜔 model. 𝐺𝜔  

represents generation of 𝜔, calculated as for the standard 𝑘 − 𝜔. 𝛤 represents the effective 

diffusivity. 𝐷𝜔  represents the cross-diffusion term. 

More detailed overview of the 𝑘 − 𝜔 and 𝑘 − 𝜖 models can be found in  (3) and (20). 

Default values of constants are used. 

7. RESULTS 

7.1. MAIN ANNULUS 

The main annulus was not the main area of interest of the thesis, however a basic analysis is done. 

The steady case calculation converged to 1e-5 for each purge air flow. y+ on the hubs is below 6, 

with average value of 2.38. 

The parameters analysis is done for 9 steady cases: 0%; 0,1%, 0,2%, 0,5%, 1%, 1,5%, 2%, 3,5%, 5%.  

7.1.1. PRESSURE BETWEEN VANES AND BLADES 

The presence of purge air influences pressure between vanes and blades on the hub (Figure 18). 
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Figure 18: Minimum and maximum static pressure on the stator's hub depending on the purge air flow. The measurement 

location is 4.1mm downstream vane trailing edge (relative pressure, operating pressure: 101325Pa) 

It should be noted here that in considered analysis the flow was ruled by the pressures before and 

after the turbine, so total mass was not the same for all cases. In fact, it was inlet mass flow that 

remained constant -  see Table 3. 

Table 3: Mass flow in different cases - main annulus 

Serial mpurge [kg/s] minlet [kg/s] moutlet [kg/s] mpurge/mtotal 

1 0 3.368712 3.368712 0 

2 0.0033451 3.3686069 3.371952 0.000992 

3 0.006697 3.368087 3.374784 0.0019844 

4 0.0167933 3.3665827 3.383376 0.0049635 

5 0.0337588 3.3639332 3.397692 0.0099358 

6 0.0509019 3.3616221 3.412524 0.0149162 

7 0.0682281 3.3607239 3.428952 0.0198977 

8 0.12138 3.362208 3.483588 0.0348434 

9 0.176372 3.361288 3.53766 0.0498555 

 

It influenced the amount of medium between vanes and blades, which resulted in higher pressure in 

this place. The relation can be approximated by the square function. Minimal and maximal 

pressures grow significantly, but the difference between them stays relatively similar (Figure 19). It 

should be remembered that the purge air inflows uniformly and independently from the angular 

coordinate, so the influence of pressure distribution on the amount of air running through the 
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opening is neglected. Because of that, this and further plots (Figure 24, Figure 25, Figure 26) can 

give only a general overview on the phenomena.  

 

Figure 19: Difference between maximum and minimum pressure on the hub in a function of purge air flow 

The increase of the pressure is the same also if the whole section is considered - see Figure 20.  

 

Figure 20: Mass-averaged p2 (at section corresponding to the end of the stator's hub) depending on the purge air flow. Black line 

is the square function approximation. (relative pressure, operating pressure: 101325Pa) 

Change in static pressure is followed by the change of the reaction degree (calculated by static 

pressure drops). Results are presented in Table 4 and Figure 21. 
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Table 4: Pressure and degree of reaction for different purge air flow 

Serial mpurge/mtotal pinlet [Pa] p2 [Pa] poutlet [Pa] degree of reaction [-] 

1 0.0% 113890 43413 -28 0.381336 

2 0.1% 113892 43561 -29 0.382634 

3 0.2% 113894 43746 -26 0.384235 

4 0.5% 113899 44294 -26 0.389028 

5 1.0% 113907 45205 -29 0.397012 

6 1.5% 113916 46064 -26 0.404504 

7 2.0% 113923 46781 -28 0.410782 

8 3.5% 113942 48537 -21 0.426086 

9 5.0% 113963 50427 -18 0.442574 

 

 

Figure 21: Degree of reaction in a function of purge air flow 

Difference of degree of reaction between extreme cases is over 6% in absolute values, which means 

that the degree of reaction for 5% case is 16% greater than for the 0% case. 

7.1.2. POWER, FORCE AND EFFICIENCY 
Detailed data is presented in Table 5 and Table 6. 
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Table 5: Power and efficiency for different purge air flows 

Serial 
mpurge/mtotal [-] Torque [Nm] 

total-total 
isentrophic 

effeciency [-] 

Power [W] 
power related to 

1kg of total 

flow [W] 

power related 
to 1kg at inlet 

[W] 

1 0 185.425 0.928808 199419 59197.4 59197.4 

2 0.000992 185.53 0.928452 199533 59174.33 59233.09 

3 0.001984 185.572 0.927956 199577 59137.71 59255.3 

4 0.004963 185.581 0.926335 199587 58990.49 59284.75 

5 0.009936 185.545 0.923531 199548 58730.46 59319.85 

6 0.014916 185.566 0.921183 199571 58481.93 59367.47 

7 0.019898 185.857 0.919871 199884 58293.03 59476.47 

8 0.034843 188.197 0.919343 202401 58101.3 60198.83 

9 0.049856 190.863 0.920235 205268 58023.67 61068.26 

 

Table 6: Force on vanes and blades 

Serial 

mpurge/mtotal 

[-] 

Axial 

force on 

blades [N] 

Axial force 

x on vanes 

[N] 

Axial force 
on blades 

related to 1 

kg of total 

flow [N] 

Axial force 
on vanes 

related to  

1kg of total 

flow [N] 

Axial force 
x on vanes 

related to 

1kg at inlet 

[N] 

Axial force 
x on blades 

related to 

1kg at inlet 

[N] 

1 0 1344.21 3126.577 399.0279 1325.889 1325.889 399.0279 

2 0.000992 1348.542 3121.889 399.9292 1322.629 1323.943 400.3263 

3 0.001984 1353.906 3116.001 401.183 1319.027 1321.649 401.9807 

4 0.004963 1368.576 3098.613 404.5001 1308.335 1314.862 406.5179 

5 0.009936 1392.384 3069.641 409.8029 1290.641 1303.594 413.9155 

6 0.014916 1414.596 3042.211 414.5307 1273.549 1292.833 420.8076 

7 0.019898 1432.866 3019.346 417.8729 1257.921 1283.459 426.3564 

8 0.034843 1484.88 2962.894 426.2502 1215.042 1258.907 441.6384 

9 0.049856 1547.844 2901.553 437.5333 1171.7 1233.181 460.4913 

 

For lower pressure ratio on a vane,  the axial force generated on a surface of vane decreases (Figure 

22).  It should be reminded that the inlet mass flow is almost the same for each case, so pressure 

ratio is the only important factor here. 
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Figure 22: Axial force on all vanes 

 The effect is increased by the fact that relatively smaller amount of air is expanded on vanes, as 

more air has to go for sealing.  

The axial force on blades increases with the pressure before them (Figure 23). 

 

Figure 23: Axial force on all blades 

The effect is even stronger if the results are related to the same amount of total mass flow (Figure 

24) 
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Figure 24: Axial force on all blades (related to 1kg/s of total mass flow) 

Power depending on purge air flow is presented in Figure 25. 

 

Figure 25: Power of the turbine (related to 1kg/s of total mass flow) 

As expected, extracting more compressed air to the cavity results in lowering the power of the 

turbine. Purge air mixes with the main flow and influences the flow structure. Also, the amount of 

air at vanes is smaller, so less medium takes part in the process of "normal" expansion in a stator-

rotor system. The same effect is visible for the stage efficiency (total to total isentropic efficiency) in 

Figure 26. Software used (CFX) supports only a single inlet domain for efficiency calculation, so the 

efficiency is based on mass-averaged efficiencies (particles enthalpies at inlet and outlet are 

compared to get "single" efficiency, then all efficiencies are averaged) and sealing air in not directly 

included in this definition. It is included only as an influence on main gas enthalpy. 
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Figure 26: Total-to-total efficiency depending on the purge air flow 

The efficiency is highest for low purge air flows, but for very high purge air flows the efficiency stays 

stable or even grows. One of possible reasons is that the pressure increase before the blades is large 

enough to overcome a part of mixing losses - this argument will be developed in the next section 

(7.1.3) 

7.1.3. SWIRLS ON THE HUB 
Adding an opening caused formation of swirls on the rotor's hub, which seems to be a real feature of 

the flow in this area (Figure 27, Figure 28, Figure 29). The same structures will also appear in the 

cavity model solution. 

The swirls are more intense for low purge air, for larger flow the swirl is overcome by high 

velocities of the sealing air. For the 5% purge air flow case the swirl disappears (Figure 30). This 

phenomena should be linked with boundary conditions at secondary inlet. The purge air is set to 

outflow in only axial direction, which is "against" the swirl. Different direction (radial) could instead 

intensify the swirl 
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Figure 27: Location where swirls appear 

 

Figure 28: Swirl for the 0.001% purge air case 
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Figure 29: Swirl for the 1% purge air case 

 

Figure 30: Swirl for the 5% purge air case 
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Disappear of the swirl for high purge air flows can justify an increase in efficiency. As can be seen in 

Figure 30, streamlines form boundary layers on the hub's surface and follow the geometry of the 

stage.  

7.2. CAVITY - STEADY ANALYSIS 

The calculations had problems to converge in each case. A typical plot of scaled residuals is shown 

in Figure 31. 

 

Figure 31: Scaled residuals for mpurge=0.1%mtotal  case 

 Also, the mass and energy in the system do not balance to 0. For a typical case (0.1% purge) 

0.00116 kg/s and 24.5W is generated. 

7.2.1. FLOW STRUCTURE 
The structure of the flow inside the cavity varies depending on the purge air flow - it is very 

different for cases with and without ingress. The results show no ingress for 0.5% and very little 

ingress for 0.2% purge air flow (below 0.0001%, at the error level). 

7.2.1.1. Velocity profile in the cavity 

For large purge air flow a rotating core is clearly visible on a plot showing the radial velocity profiles 

on various radius. Figure 32 shows the location of considered lines. 
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Figure 32: Location of lines for radial velocity plots.  

The rotational velocity profile and average axial velocity in the cavity for the 5% purge air case are 

presented in Figure 33 and Figure 34. 

 

Figure 33: Radial velocity [m/s] profiles inside the cavity for 5% purge air case. The stator disc is o the left side of the plot, the 

rotor disc is on the right. Positive values refer to the flow outwards the cavity. 
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Figure 34: Mass-averaged axial velocity (m/s) in the function of radius (m) for 5% purge air case. Positive value means from the 

stator side to the rotor side. At r=0.095 there is an edge of the stationary disc. 

In Figure 33 we can see that sealant travels by the rotor's boundary layer up to the main annulus 

region. The air which does not leave the cavity returns to the bottom by the boundary layer of stator 

- the flow regime is of the 4th type (turbulent with wide cavity - see section 2.1). In Figure 34 we 

observe that the flow from the boundary layer of the stationary disc mixes with the sealant close to 

the bottom of the cavity (negative axial velocity for r=0.12). Slightly positive velocities (towards the 

rotor side) in the middle of cavity are caused by the geometry of the rotor disc - the gap between 

discs is wider for larger radius. 

The structure of the flow is rather similar in nature for the 0.2% case (negligible ingress). The air 

travels up and down in boundary layers (Figure 35). 
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Figure 35: Radial velocity profiles for 0.2% purge air case. The stator disc is o the left side of the plot, the rotor disc is on the right. 

Positive values refer to the flow outwards the cavity. 

The core is visible if we have a look on average axial velocities (Figure 36). 

 

Figure 36: Mass-averaged axial velocity inside the cavity for 0.2% purge air case 

The structure changes when the ingress appear. It is shown for the case with 0.03% purge air in 

Figure 37 and Figure 38. 
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Figure 37: Radial velocity profiles for 0% purge air flow case. The stator disc is o the left side of the plot, the rotor disc is on the 

right. Positive values refer to the flow outwards the cavity. 

 

Figure 38: Mass-averaged axial velocity inside the cavity for 0 % purge air flow case 

The core is not visible any more. Instead, there is very complex structure with several big vertex 

inside the cavity ( 
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Figure 39). 
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Figure 39: Overview of velocity vectors inside the cavity for the 0 % purge air flow 

The core is strongly influenced by the external flow. The ingress is not uniform in both tangential 

and axial direction, so the structure of flow is complicated and difficult to describe and predict. 

7.2.1.2. Swirl in the sealing area 

In the main annulus analysis it was noticed that swirls appear for low purge air flow in the mixing 

regions, they get less intense for higher flows and disappear for 5% case. The solution of the cavity 

case confirms this feature (all figures concerns the same section of the cavity with the same angular 

coordinate) - Figure 40, Figure 41, Figure 42. 
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Figure 40: Velocity vectors in the sealing area for 5% purge air flow 

 

Figure 41: Velocity vectors in the sealing area for 1,5% purge air flow 
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Figure 42: Velocity vectors in the sealing area for 0.2% purge air case 

7.2.1.3. Backflow at the outlet 

In each case there were regions at outlet where the backflow occurred. It was more intense for cases 

with low purge air flow, which can be linked with the intensity of swirl in the sealing area - the air is 

sucked in the direction towards the cavity from these parts of outlet. The backflow is most intense 

in these parts of outlet which have static pressure below the pressure inside the cavity, but for low 

purge air flows it is present for all tangential coordinates. That backflow is not a direct result of high 

pressure in external flow, but it is induced by the swirl. An example of axial velocity profile in 

discussed area is plotted in Figure 43. 

 

Figure 43: Axial velocity profile in one of the sections at outlet (0.2% purge air flow) 
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7.2.2. PRESSURE PROFILES AT DIFFERENT AXIAL LOCATIONS 
In 2.2.6 it was mentioned that the maximal and minimal pressures on the hub varies depending on 

the distance from the edge of the disc (and therefore the trailing edge of a vane). This phenomena 

can be observed also in the solution of the cavity model (Figure 44 - 0.5% purge, Figure 45 - 0.2% 

purge). 

 

Figure 44: Pressure on the hub depending on the axial location (distance from the vane trailing edge). The plot concerns the area 

corresponding to one of the vanes. mpurge=0.5%*mtotal (relative pressure, operating pressure: 101325Pa) 

 

Figure 45: Pressure on the hub depending on the axial location (distance from the vane trailing edge). The plot concerns the area 

corresponding to one of the vanes. mpurge=0.2%*mtotal (relative pressure, operating pressure: 101325Pa) 
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Closer to the sealing opening, the flows from different vanes mix and decrease the amplitude of 

velocity and pressure. Also, the interaction between 2 flows becomes more significant and induces 

more uniform pressure profile. 

Figure 46 presents comparison between obtained results and theoretical predictions. It shows that 

theoretical equations underpredicted the decay. The same phenomena of more rapid decay in CFD 

was observed in (14). Author mentioned also that close to the seal opening the pressure field is 

strongly disturbed by the purge air and for these regions the results may not fit with the formula. 

The same issues are visible in the figure.  

 

Figure 46: Comparison between CFD results and theoretical equations of pressure decay in external flow. z corresponds to the 

axial distance from the vanes trailing edge. Pressure is measured on the stator hub. The plot refers to 0.5% purge air flow. Mach 

number is 0.75, axial Mach number 0.24, reference radius is 0.176 and the number of blades is 60. 

7.2.3. PARAMETERS VALUES AND VALIDATION WITH EQUATIONS 
During preparing the thesis no experimental data was available, so all variables amd operating 

chracteristics had to be defined through CFD and design tools. 

7.2.3.1. Discharge coefficients 

As mentioned before, a simplified model with no external flow and fixed rotating disc was 

introduced. All residuals converged to 1e-5 in both cases, y+ was below 5 in the sealing area. 

Firstly, the amount of "purge air" was set to 0.01kg/s into the cavity. The pressure profile in the 

sealing region and two planes (AA and AB) are shown in the Figure 47 and Figure 48: 
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Figure 47: Pressure (relative) in the sealing area - egress (relative pressure, operating pressure: 101325Pa) 

The mass-weight averaged pressure in section AA is 12.780102 Pa, and the mass-weight averaged 

pressure in section AB is -0.5464533 Pa (relative). Average density is  1.0266252 kg/m3, and the 

areas of AA and AB are 0.0043479428 m2 and 0.0036043806 m2 respectively. The flow rate through 

the planes is 0.01 kg/s . Using these values we get 

𝑐𝐷,𝑒𝑔𝑟𝑒𝑠𝑠 = 0.2597 

Afterwards the "purge air" was set to 0.1kg/s out of the cavity. The pressure profile in the sealing 

region is presented in Figure 48. 

Results: 
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Figure 48: Pressure (relative) in the sealing area - ingress (relative pressure, operating pressure: 101325Pa) 

Results are summarized in Table 7. 

Table 7: Data for calculating discharge coefficient for ingress 

ρ 1.17667 kg/m3 

AA 0.004347943 m2 

AB 0.003604381 m2 

pA -128.92178 Pa 

pB -34.522961 Pa 

Q 0.026762263 kg/s 

 

𝑐𝑑 ,𝑖𝑛𝑔𝑟𝑒𝑠𝑠 = 0,3278 

𝛤𝐶 =
𝐶𝐷 ,𝑖  

𝐶𝐷 ,𝑒
= 1,2624 

It is a typical value for that shape of the seal (8). As mentioned in 2.2.4, the coefficient is relatively 

constant for wide range of pressure and mass flow. 
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7.2.3.2. Pressure and force 

Typical pressure profiles at inlet and outlet are shown in Figure 49 and Figure 50. It should be 

noticed that profile vary depending on the corresponding vane. Main reason for that is probably that 

the blades are modeled as motionless and the numbers of blades and vanes are not the same. Also, 

the pressure varies significantly in the radial direction, which means that the flow has different 

structure near the hub and near the shroud.  

 

Figure 49: Pressure profile at inlet (mpurge=0.03%mtotal) (relative pressure, operating pressure: 101325Pa) 

 

Figure 50: Pressure profile at outlet (mpurge=0.03%mtotal) (relative pressure, operating pressure: 101325Pa) 

 

 

Similarly to the main annulus model, the pressure between vanes and blades grows with the purge 

air. It should be reminded that total mass flow grows with this parameter, only the pressure before 
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the vanes and after blades are the same. However, the shape of this relation and difference between 

minimal and maximal values vary significantly (Figure 51). For purge air flow below 2% pressure 

doesn't follow monotonous function and doesn't increase significantly. However, for purge air flows 

over 2% rapid growth is observed. Difference to the main annulus model results are probably an 

effect of dividing the task into 2 separate cases. They use different software and different models. 

Also, in the main annulus case the sealing air was modeled as uniform mass inlet, so neither 

complex pressure distribution nor interactions between 2 flows could not be properly considered. 

Model limitations and imperfect convergence of calculation are also factors influencing results. For 

purge air flows between 0 and 0.1% the same boundary conditions profiles were used 

(corresponding to 0.1%), as they (in the main annulus solution) do not vary significantly. 

 

Figure 51: Pressure on the stator hub, comparison between main annulus and cavity models for different purge air flows (relative 

pressure, operating pressure: 101325Pa) 
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Figure 52: Pressures on the stator hub and inside the cavity(mean pressure at radius r=0.173m)  for different flows of purge air 

(relative pressure, operating pressure: 101325Pa) 

An issue that has not been noticed by the main annulus model is that for very low flows of purge air, 

insufficient to seal the cavity, the minimal pressure between vanes and blades significantly 

decreases (Figure 51, Figure 52). This phenomena is repeatable and may be linked with very 

complex flow structure in sealing area, with some part of the medium travelling inwards and 

another part outwards the cavity and also with model limitations. The maximal pressure does not 

decrease as much and enables ingress. 

Figure 53 shows the difference between maximum pressure on the hub of the annulus and pressure 

inside the cavity. For purge air over 1% the difference decreases almost linearly, finally  reaching 

negative value for 5% case (pressure inside the cavity is higher than maximum pressure on hub). 

For purge air below 1% the relation is complex with a peak for very low purge air flows (below 

0.1%) and trough for 0.2-0.5%. Large difference for very low purge air enables ingress to the cavity 

and could be expected, but values for 0.2% and 0.5% seem to be too low and indicates that the 

phenomena is very complex or that for these cases the interaction between 2 flows may not have 

been modeled correctly. Figure 54, which presents pressure difference on the hub (figure will be 

described more in detail in 7.2.4.1), also indicates that 0.2% and 0.5% cases seem to be unreliable. 
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Figure 53: Difference between maximum pressure on hub and pressure inside the cavity for different purge air flows 

 

Figure 54: Difference between maximal and minimal pressure on the stator hub depending on the purge air flow 

 

Axial force (referenced to the ambient pressure of 101325Pa) on the discs is presented in the Figure 

55: 
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Figure 55: Axial force on stator and rotor discs (only disc, blades/vanes excluded) depending on the purge air flow 
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The value of the forces follow the pressure inside the cavity, however for small values the influence 

of peak of the static pressure visible in the Figure 52 is not significant. It can be partly explained by 

the fact that the flow structure is more complex (lsee  

Figure 39), with many swirls, and also pressure distribution in the cavity is not uniform and has 

peaks and troughs.  

The force increases significantly with the amount of purge air flow. It is a direct result of higher 

degree of reaction and pressure between vanes and blades, which is strictly connected to the 

pressure inside the cavity. 
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Figure 56 and Figure 57 show combined force originating from both discs and vanes/blades. As 

vanes generates force in opposite direction than stator disc, a total force is negative (has opposite 

direction than external flow). 

 

Figure 56: Combined axial force on stator disc for different purge air flows 

 

Figure 57: Combined axial force on rotor disc for different purge air flows 
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7.2.4.1. Bohn and Wolff model 

7.2.4.1.1. Calculating minimum necessary sealant flow with assumed value of K 

-3000

-2800

-2600

-2400

-2200

-2000

-1800

-1600

-1400

-1200

-1000

0,00% 1,00% 2,00% 3,00% 4,00% 5,00% 6,00%

N

mpurge/mtotal

combined axial force on stator disc

3000

3200

3400

3600

3800

4000

4200

4400

0,00% 1,00% 2,00% 3,00% 4,00% 5,00% 6,00%

N

mpurge/mtotal

combined axial force on rotor disc



Page 66 of 76 
 

The equation does not specify where the pressure p2 should be measured. The location 

corresponding to the measurement location in real turbine (4.1 mm from the vane trailing edge) is 

used (see Figure 8). Results of the cavity analysis show big variation of p2max-p2min for small flows of 

sealant (see Figure 54), depending on the sealant flow, but the difference is more stable for larger 

flow. The integral (method of trapezoids) mean value Δp2=4174 Pa is used. 

The values of other parameters and results are presented in Table 8. It should be noticed that both 

ReW and Reφ exceed 10
6
, which is out of the range investigated by Bohn and Wolff. However, it was 

shown that the rotational Reynolds number has no important impact on the phenomena if ReW is 

large enough. Also, ReW is just slightly above the upper limit of investigated range. 

Table 8: Bohn and Wolff model results - determining necessary sealant flow 

W 65.329 m/s 

ρ 1.61835 kg/m
3
 

μ 0.000017894 kg/ms 

k 0.2 - 

ν 1.10569E-05 kgm
2
/s 

b 0.175 m 

Ω 1075.471885 rad/s 

Δp 4174 Pa 

sc 0.0018 m 

smin 0.0095 m 

smax 0.0151 m 

saverage 0.0123 m 

ReW 1033972.714 - 

Reφ 2978791.995 - 

Gc 0.010285714 - 

Cp 0.145624943 - 

Cw,min 3606.253772 - 

minlet 3.34 kg/s 

mpurge,min 0.011292803 kg/s 

mpurge,min/mtotal 0.003369686 - 

ΦEI,min 0.018732761 - 

 

For given external flow the mass of purge air needed to seal the cavity is about 0.337%. It is more 

than it was observed in the solution, however it should be remembered that the model is sensitive 

on the location of pressure measurement, which was chosen arbitrarily. Also, the pressure 

difference was not constant for all cases and the averaged value was used. K was also chosen 

arbitrarily. Taking these facts into consideration, mpurge,min/mtotal=0,337% is in relatively good 

agreement with real phenomena. 

7.2.4.1.2. Determining K with assumed minimum necessary sealant flow 
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CFD calculation showed that the ingress starts to appear for purge air flow below 0.2%. It is then 

possible to assume this value as mpurge,min and estimate K. It was done by using Solver in Microsoft 

Excel. Results are presented in Table 9. K was estimated to around 0.118. 

Table 9: Bohn and Wolff model results - determining K 

W 65.329 m/s 

ρ 1.61835 kg/m3 

μ 0.000017894 kg/ms 

K 0.118492957 - 

ν 1.10569E-05 kgm2/s 

b 0.175 m 

Ω 1075.471885 rad/s 

Δp 4174 Pa 

sc 0.0018 m 

smin 0.0095 m 

smax 0.0151 m 

saverage 0.0123 m 

ReW 1033972.714 - 

reφ 2978791.995 - 

Gc 0.010285714 - 

Cp 0.145624943 - 

Cw,min 2136.578364 - 

minlet 3.34 kg/s 

mpurge,min 0.006690588 kg/s 

mpurge,min/mtotal 0.001999165 - 

fimin 0.011098501 - 

 

7.2.4.2. Sangan model 

The model is very sensitive on the boundary conditions, so it was decided that the same profiles 

(corresponding to sealant flow of 0.1%) shall be used in each case. This simplification enables more 

reliable qualitative comparison between cases. Moreover, in previous point it was noticed that for 

low purge air flows main annulus does not model BC perfectly, so this approach probably gives even 

better results than separate BCs. 

As mentioned before, the pressure profile is not uniform inside the cavity. It was decided to use 

mean static pressure at r=0.17 to estimate p1. 

Efficiency (measured by concentration) also varies, the difference between spots can be large. An 

example is shows in the Figure 58. 
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Figure 58: Concentration measured efficiency for purge air flow of 0.1% total flow. The values represent mean efficiency 

measured at different radius. 

It was decided to use the measurement at r=0.17, similarly as p1.  
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Table 10. 

  



Page 70 of 76 
 

Table 10: Sealing efficiency 

mpurge/mtotal [-] 0.001017 0.000759 0.000607 0.000455 0.000303 0.000151 

p1 [Pa] 37618.22 37601.42 37661.26 37830.12 38004.07 38274.19 

p2min [Pa] 36082.98 36097.52 35972.81 36333.09 36291.15 36628 

p2max [Pa] 41439.29 41530.96 41681.43 41743.61 41928.22 42019.7 

Ɛc [-] 0.63907 0.435777 0.439961 0.550563 0.43448 0.032649 

Λ [-] 1.2624 1.2624 1.2624 1.2624 1.2624 1.2624 

g^ [-] 0.786385 0.735742 0.73664 0.762357 0.735465 0.666602 

g [-] 0.286622 0.276786 0.295771 0.276689 0.303867 0.305319 

g^' [-] 0.745388 0.764476 0.72763 0.764665 0.711919 0.709101 

Φmin,c [-] 0.008987 0.011434 0.009028 0.005002 0.004577 0.037973 

Ɛ^p [-] 0.691645 0.686083 0.696757 0.686028 0.701229 0.702026 

Φmin,p [-] 0.007931 0.006002 0.004678 0.003594 0.00231 0.001152 

Cw,min,c [-] 1730.126 2201.076 1738.001 962.9027 881.1513 7310.288 

mpurge,min,c [kg/s] 0.005418 0.006893 0.005442 0.003015 0.002759 0.022892 

mpurge,min,c/mtotal [-] 0.001647 0.002095 0.001654 0.000916 0.000839 0.006958 

Cw,min,p [-] 1526.849 1155.371 900.6391 691.8178 444.6075 221.7579 

mpurge,min,p [kg/s] 0.004781 0.003618 0.00282 0.002166 0.001392 0.000694 

mpurge,min,p/mtotal [-] 0.001453 0.0011 0.000857 0.000658 0.000423 0.000211 

 

g^' correspond to g  estimated by the formula  38 (page 24).  

Estimation of B and C gave: 

𝑔   𝛷0 = −1.9407𝑔 𝛷0, 𝑥𝐴 + 1.3016 

The function is also plotted in the Figure 59. 
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Figure 59: Comparison between g^ and g^', depending on g 

As can be seen, the range of g is very narrow and it is difficult to determine B and C that plot line 

reliably matched to the results. The calculations should be conducted for more diverse external 

conditions to obtain more representative line. Also, it should be remembered that the inaccuracy 

connected to dividing task into two cases (main annulus and cavity) seems to be most significant for 

very low purge air flows. The results should be then analyzed with caution. 
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Table 10 vary significantly, depending on both sealant flow and chosen method. Especially values 

obtained  by using 𝑔   𝛷0 = 𝐵𝑔 𝛷0, 𝑥𝐴 + 𝐶  seem to be unreliable. The method is probably 

unsuitable for the results of CFD analysis and should be used only with experimental data. 

However, it can be concluded that the minimal purge air flow is probably below 0.2% of total flow. 

In fact, for  mpurge/mtotal=0.002 almost no ingress was captured (efficiency over 99.99%). 

7.2.5. UNSTEADY CASE 
The calculation of unsteady case did not finish successfully. The mass in the system was 

permanently imbalanced - a sum of mass flowing into and out of the system was always below. The 

problem is shown by Figure 60. 

 

Figure 60: Mass imbalance in the system. 360 iterations correspond to the pass of one blade. 

This problem cannot be linked to the imbalance in the steady case. In that case the mass was 

generated, here it disappears. Also, the mean value of missing mass is dozens of times greater. It 

leads to the conclusion that the problem lies not only with the algorithm convergence, but there had 

to be also an issue related directly to the model. There could be various reasons. Boundary 

conditions are imported from the main annulus solution and the difference between models in each 

case may be one of the causes. Another important factor is that in the main annulus model only one 

vane and one blade were investigated. It made the model unable to properly catch issues related to 

the lack of uniformity of the flow caused by different numbers of vanes and blades. Expanding 

results of one blade to the whole annulus forces a simplification - profiles that in fact correspond to 

just one set of vane and blade are used everywhere. Interaction between passages is mostly 

neglected. The same problem applies to the steady case, however it is easily softened and can be 

considered as just simplification, not a source of convergence problems. Here these profiles vary in 

time and softening do not fix inaccuracy between the mass at inlet and outlet. Probably at least a 60⁰ 

sector of the annulus should be investigated. 

Described issues strongly influence the balance of mass inside the cavity. As mentioned in previous 

points, the model is very sensitive on used boundary conditions and cannot overcome problems 

generated by them. 
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Because of the mass disappear, all pressures in the model decrease. After pass of just 5 blades, the 

pressure inside the cavity drops from around 39kP to only 35kP. The drop is over the magnitude of 

expected fluctuations and makes their detection impossible 

8. CONCLUSIONS 

Division of the task into 2 separate cases (the main annuls and the cavity) influenced obtained 

results. Both cases used different software and modeled interaction between flows in different 

ways. What is more, the cavity model proved to be sensitive on used boundary condition profiles. 

The  complexity of the cavity model connected with limited resources caused difficulties in accurate 

meshing and calculation divergence level, which were just satisfactory. All these factors had an 

important impact on the results, which need to be validated with experimental data. 

Theoretical equations shown to be quite inappropriate for the case, as the calculated values of 

axisymmetric pressure parameter g didn't correlate with normalized pressure difference 𝑔 . Because 

of that, it was not possible to reliably refer results from chosen location to the sweet spot. The 

calculation can be repeated with more diverse external flow to get a wider range of g. Then referring 

to the sweet spot would be more reliable. 

However, several interesting features of the flow were noticed and described. For low purge air the 

flow in the mixing region is ruled by the swirl. If the ingress occur, it influences flow structure inside 

the cavity and destroys rotating core. Also the pressure on the hub is strongly disturbed by the 

outflow from the cavity. It is most visible in comparison between main annulus and cavity models - 

despite of using boundary conditions imported from the annulus model, the difference between 

pressure values in 2 models can be large.  

The results should be compared with experimental data. It would be very productive to join two 

models (annulus and cavity) into one task, however it may be computationally demanding and there 

is a risk that for imperfect model the inaccuracy connected to unsteady issues would have 

significant impact on results. It could also be  fruitful to improve mesh and model. 

For the analysis of the unsteady case a model of the main annulus that concerns all vanes and blades 

or at least 60o section of annulus should be used. Simplification connected to dividing task into 2 

cases seems to be an important source of problems with calculation convergence. 
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