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Abstract

In the development of turbo machinery components it’s desirable to not spend
more time than necessary when setting up aero-thermal calculations to investigate
uncertainties in the design. This report aims to describe general thoughts used in
the development of an ICEM-mesh script and the possible configurations in the
script file which enables the user to build mesh-grids with/without clearance gap
at the hub and/or shroud for different blade geometries. It also aims to illustrate
the performance analysis made on the Vinci LH2 turbine, a next generation upper
stage engine to the Ariane 5 rocket, in which the effect of the tip gap size on the
efficiency has been studied.

The calculations made have shown good agreement with experimental data.
The efficiency loss due to the mixing of fluid where leakage flow passes the tip
gap, which results in growth of a strong vortex, and the fluid passing the blade
tip, with almost no work extracted from it, has shown a quite linear efficiency
dependence depending on the tip gap size.
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Chapter 1

Introduction

1.1 Background and purpose

To be able to investigate uncertainties in turbo machinery in a cost effective man-
ner it’s essential that this can be done rapidly in order to minimize the design
times. In the aero-thermal investigations the major time is normally spent on
the preparation of necessary computational grids as well as the post processing
of the data. In order to make this more efficient Volvo Aero Corporation has de-
veloped scripts and methods which minimize the necessary manual work. Until
now, the existing CAD parametric models and scripts to create the computational
grid haven’t been able to model a mesh for investigation of real effects, such as
clearance gap, fillet radius and surface distortions.

The tip gap is the running clearance gap between the blade tips and the sta-
tionary shroud in turbo machinery, which normally is about 1.5% of the blade
span length. The big pressure difference between the blade pressure and suction
side stimulate a leakage flow over the blade tip which has significant effect on the
aerodynamics and thermal performance of the gas turbine. It’s therefore desirable
to be able to calculate on these effects rather easily.

The aim of this thesis has been to considerably decrease the necessary manual
work to make calculations on blades with clearance gaps as well as to study the
effect of the tip clearance on the performance. The purpose of this has been to
give Volvo Aero better tools for those calculations in order to make the work more
cost effective as well as to achieve better understanding of the tip clearance effect.
The work has comprised to update available CAD parametric models and mesh
scripts to have them to include clearance gaps.

Limitations

When the work started on this thesis the aim of the method development was
also to make it possible to in an easy manner include fillet radius and, if the time
allowed, to include surface distortions. It turned out, though, that the demanded
work to include the tip clearance was somewhat underestimated since more focus

11



12 Introduction

has been put in to create a mesh script that will work for all the type of blades
that are analyzed at Volvo Aero. The work to implement fillet radius and surface
distortions are left to future.

Due to lack of time only one blade geometry has been used in the calculations
to validate the produced mesh and the comparison between different tip gaps
has only been performed for calculations with air. Besides the calculation with
hydrogen gas only the k-Epsilon turbulence model has been in use.

1.2 Method

A parametric geometry model in the CAD software NX-6 has been updated simul-
taneously with the update of the Tcl script which controls how ICEM produces
the computational grid. The idea of how to implement the different configurations
to the mesh script has been created during the proceeding of the work where the
configurations were added one by one in a trial and error kind of a fashion.

A literature survey was made to get a comprehensive view of what studies that
have been done on the flow in turbines, especially with consideration to the tip
gap.

Mainly steady state flow calculations were made to investigate how the tip
gap affects the efficiency and what effect it has on the flow field. When problems
with imbalances occurred transient calculations was made. The software used to
achieve the computational results was CFX which is a commercial Computational
Fluid Dynamics (CFD) code.

1.3 Thesis disposition

This report is divided into the following chapters:

• Chapter 2 gives some of the theory behind the flow computations.

• Chapter 3 deals with the methodology used when creating the script file and
the calculation methodology used.

• Chapter 4 presents earlier studies made on the flow around vanes with and
without respect to clearance gap.

• Chapter 5 presents the possible configurations that can be made with the
created script file.

• Chapter 6 gives the results obtained.

• Chapter 7 discuss the results.

• Chapter 8 gives the conclusions of this thesis.



Chapter 2

Background Theory

This chapter aims to introduce the reader to the governing equations used in
fluid dynamics and how those equations can be solved by the means of numerical
techniques.

2.1 Flow Theory

2.1.1 Fundamental physical principles

The governing equations used in CFD are based on some fundamental physical
principles. Those are mass conservation, Newton’s second law and the first law
of thermodynamics. It is those equations together with the boundary conditions
that describe the fluid dynamics.

Governing Equations

In this section the governing equations is given in conservation form, which means
that the observed fluid element is fixed in space with the fluid moving through it.

Continuity equation (conservation form):
The continuity equation says that the mass is preserved; it can neither be
created nor destroyed. This relation is stated in equation 2.1.

∂ρ

∂t
+ ∇ · (ρV) = 0 (2.1)

where ∂ρ
∂t

is the density over time variation, and V is the fluid velocity.

Momentum equations (conservation form):
The momentum equations represents Newton’s 2:nd law in fluid dynamics.
It says that the acceleration is proportional to the force per unit mass. The
forces acting on a fluid element can be divided into body forces, which are
due to gravitational or electromagnetic forces that act on a distance from

13



14 Background Theory

the element, and surface forces, such as pressure or viscous forces that act
directly on the surface of the fluid element. In Cartesian coordinates this re-
lation can be expressed according to equations 2.2 in x- y- and z-components
respectively.

x-component:

∂(ρu)

∂t
+ ∇(ρuV) = −

∂p

∂x
+

∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
+ ρfx (2.2a)

y-component:

∂(ρv)

∂t
+ ∇(ρvV) = −

∂p

∂y
+

∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ ρfy (2.2b)

z-component:

∂(ρw)

∂t
+ ∇(ρwV) = −

∂p

∂z
+

∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
+ ρfz (2.2c)

where fx, fy and fz is the body forces in x- y- and z- direction respectively,
τyx τzx τxy τzy τxz and τyz denotes the shear stresses while τxx τyy and τzz

denotes the normal stresses. ρ is the density, p is the pressure while u v and
w is the flow velocity in x- y- and z- direction.

Energy equation (conservation form):
The physical principle behind the energy equation is the first law of thermo-
dynamics which states that energy is conserved. It means that the rate of
change of energy inside a fluid element equals the sum of the net flux of heat
into the element and the rate of work done on the element. The conservation
form of this relation, written in terms of internal energy, is given by equation
2.3.

∂(ρe)

∂t
+ ∇ · (ρeV) =

ρq̇ +
∂

∂x

(

k
∂T

∂x

)

+
∂

∂y

(

k
∂T

∂y

)

+
∂

∂z

(

k
∂T

∂z

)

−
∂(up)

∂x
−

∂(vp)

∂y
−

∂(wp)

∂z
+

∂(uτxx)

∂x
+

∂(uτyx)

∂y
+

∂(uτzx)

∂z
+

∂(vτxy)

∂x
+

∂(vτyy)

∂y
+

∂(vτzy)

∂z
+

∂(wτxz)

∂x
+

∂(wτyz)

∂y
+

∂(wτzz)

∂z
+ ρf ·V (2.3)

where e is the internal energy, q̇ is the rate of volumetric heat addition per
unit mass and k is the thermal conductivity. The derivation of equations 2.1
- 2.3 to the form stated above can be found in [8].
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2.2 Numerical Solution

The equations described in section 2.1.1 are a coupled system of nonlinear partial
differential equations. They are therefore difficult to solve and today there doesn’t
exist a way to solve those equations analytically in a general manner. Today, the
only way to solve those equations is therefore by the means of using numerical
techniques.

2.2.1 Discretization

The process by which a closed-form mathematical expression is approximated by
analogous expressions which prescribe values at a finite number of discrete points
or volumes in the domain is called discretization. There are several discretization
methods available, for example: finite-difference, finite-volume, finite-element and
spectral methods. Both the finite-difference and finite-volume belongs to the most
popular discretization approaches in CFD where finite-volume today are used in
the majority of all commercial CFD codes [7]. There are many similarities be-
tween the finite-volume and the finite-element approach which is widely used in
stress calculations. The distinction is that finite-element uses simple piecewise
polynomial functions on local elements to describe the variations of the unknown
flow variables. Also the spectral method uses the same general approach as the
finite-difference and finite-element methods. The difference is that the spectral
method uses global approximations for the entire flow domain. Even though finite-
element have a significant advantage compared to finite-volumes in the ability to
handle arbitrary geometries its popularity in flow calculations has been rather
limited since it has been generally found that the finite-element method requires
greater computational resources and computer processing power than the equiva-
lent finite-volume method [7]. Also, finite element methods are most efficient for
linear problems such as linear stress and temperature fields. In non-linear cases,
such in the majority of flow fields, finite volume have turned out to be better.

Finite Difference method

The most common representations of finite-difference derivatives are based on
Taylor’s series expansions. Considering a 3D uniformly distributed Cartesian grid,
where i, j and k denotes the nodes in x-, y- and z- direction respectively, and where
there exists a generic flow field variable φ at indices (i, j, k). It is then possible
to, by use of Taylor’s series expansion, define the forward, backward and central
difference for the x- derivatives at node (i, j, k) according to equations 2.4.

Forward difference:
(

∂φ

∂x

)

=
φi+1,j,k − φi,j,k

∆x
+ O(∆x) (2.4a)

Backward difference:
(

∂φ

∂x

)

=
φi,j,k − φi−1,j,k

∆x
+ O(∆x) (2.4b)
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Central difference:
(

∂φ

∂x

)

=
φi+1,j,k − φi−1,j,k

2∆x
+ O(∆x2) (2.4c)

where the O term visualize the truncation error . The central difference is expected
to be more accurate since it’s second order accurate while both the forward and
backward difference is of first order accuracy. The central finite difference for
a second order derivative with respect to x can in a similar manner be defined
according to equation 2.5.

(

∂2φ

∂x2

)

=
φi+1,j,k − 2φi,j,k + φi−1,j,k

∆x2
+ O(∆x2) (2.5)

Equations 2.4 and 2.5 can easily be transformed to difference expressions for the
y- and z-directions since the only change in the expression is in which direction
the difference is calculated.

Finite Volume method

An advantage of the finite-volume compared to the finite-difference method when
solving complex fluid-flow problems is that this method doesn’t require any trans-
formation of the equations in terms of body-fitted coordinate system since the
finite-volume method discretizes the integral form of the conservation equations
directly in the physical space. The continuity in mass, momentum and energy
are also preserved for each volume element. The bounding surface areas of the
element in the control volume are directly linked to the discretization of the first
and second order derivatives of φ. For two dimensions the first and second order
derivative of φ can be approximated by use of Gauss’ divergence theorem on the
volume integral as shown for the x-direction in equation 2.6 and 2.7.

(

∂φ

∂x

)

=
1

∆V

∫

V

∂φ

∂x
dV =

1

∆V

∫

A

φdAx
≈

1

∆V

N
∑

i=1

φiA
x
i (2.6)

(

∂2φ

∂x2

)

=
1

∆V

∫

V

∂2φ

∂x2
dV =

1

∆V

∫

A

∂φ

∂x
dAx

≈
1

∆V

N
∑

i=1

(

∂φ

∂x

)

i

Ax
i (2.7)

where φi is the variable values at the elemental surfaces, dAx is the projected area
in the x-direction, and N is the number of bounding surfaces on the elemental
volume. By changing each x in equation 2.6 and 2.7 to y, the equations are
transformed to expressions for the y-direction.

2.2.2 Numerical methods

The solution to the system of equations which is obtained from the discretization
of the governing equations is typically solved with some iterative method. This
since it’s more economical than direct methods that usually results in higher com-
putational cost compared to the iterative methods. In an iterative solution one
guess the solution first, to use the equations to systematically improve the solution
until some level of convergence is reached.
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2.3 Meshing Quality

The mesh that is used in the numerical methods does have influence on both the
computational time and the solution obtained. A well-constructed mesh gives
better prerequisite to obtain an adequate physical solution to the fluid flow and
heat-transfer problem. A finer mesh will, in general, give a better solution but
will also increase the computational time and may be more unstable. To have a
reliable solution it’s desirable that the grid is fine enough to adequately resolve the
physics. It also implicates that the cell shapes are good enough to not deteriorate
the computational results or lead to computational errors. Quality measuring
methods which for example show where the worst regularity of the cells or where
cells with angles far from orthogonal are located might be used to obtain a good
mesh quality.





Chapter 3

Methodology

This chapter describes both the major guidelines that was produced in order to
minimize the work of creating a general mesh script and the methodology used
when setting up the calculations.

3.1 Short introduction to block meshing with ICEM

When creating the block structure in ICEM you’re working with vertices, edges
and faces, which are described in figure 3.1. The approach for setting up the block

vertex

edge

face

Figure 3.1: Description of vertice, edge and face for a block

structure migh be of either ”top-down” or ”bottom-up” type or a combination of
those. The approaches are illustrated in figure 3.2. With the ”top-down” approach
the block is created from an initial global block, which is cut through splits and
projected to achieve the final mesh in an sculptor like approach, as seen in figure
3.2a and 3.3a - 3.3c. The ”bottom up” approach, on the other hand, is more like
brick laying where the blocks are created manually.

In figure 3.3d an O-grid block structure has been created to achieve better
quality of the mesh elements. This approach arranges grid lines into an ”O” shape
and is often used to reduce the skewness of the elements where the block corner lies

19



20 Methodology

(a) ”Top down” topology creation

(b) ”Bottom up” topology creation

Figure 3.2: Creation of ”Top down” and ”Bottom up” topologies

(a) Initial Global Block (b) Cut Block

(c) Projected Mesh (d) O Mesh

Figure 3.3: Example of steps taken to achieve the final mesh.

on a continuous curve or surface. The difference between a normal grid mapped
to a circle and a O-Grid mapped to a circle is illustrated in figure 3.4.

One of the variations of the basic O-grid generation technique is the topology
known as a Y-block or Quarter O-grid. It can, for example, be used to fit three
Hexa Blocks into a wedge as seen in figure 3.5.
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Figure 3.4: O-grid Concept

Figure 3.5: Block structure with upper right blocks in a Y-block structure
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3.2 Scripting Methodology

In ICEM you’re able to make up scripts by recording the actions made in the
program. However, if you want the script to be able to deal with different geome-
tries and thereby be able to handle different meshing strategies it’s necessary to
complete the recorded commands with variables to control statements and mesh-
ing laws. This is done in the scripting language Tcl which is used by ICEM. The
simplicity of creating a script which can handle different meshing strategies is,
though, limited by the way in which ICEM creates and treats the numbers of ver-
tices, faces, and blocks. New numbers of an item adds on numbers of prior created
items. For example the new item names created in a split, which is a cut in the
existing block structure, will therefore be affected by the splits made prior to the
actual split.

3.2.1 Controling vertice- and block- numbers

In ICEM new numbers of mesh items will be added to earlier created items even
if those have been removed by merging. This makes it possible to obtain the
same number for the same item by always create the splits and later on remove
unwanted splits which is shown in figure 3.6. However this require that the splits
can be made independent of each other in such a way that one split doesn’t need
to be removed before the next is made.

Create all splits

Remove first split? Remove first split

Remove second split? Remove second split

(. . . )

Yes

No

Yes

No

Figure 3.6: Working process to obtain the same item numbers independent
of earlier splits

This working procedure requires that all splits are made, even though they
won’t be used in the final mesh. This implies that there’s no idea to set up
the meshing laws until all splits have been made and unwanted splits have been
removed. In some cases there isn’t possible to make the split until earlier splits
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have been removed. To minimize the influence of those splits they’ve been placed
after the removal of unwanted splits and will therefore not affect prior created
splits. Lists of variables with the node numbers made in those splits have then
been created in order to not have to make up several statements which only control
the change of those vertice numbers. Those guidelines gives a code structure of
the code which is illustrated in figure 3.7.

Start

Definition of control variables for the script

(. . . )

Splitting block, creating new block structure and meshing some edges

Remove unwanted splits

Create splits which couldn’t be made before

Splitting of blade edges

Meshing of edges

(. . . )

end

Figure 3.7: Structure of the code

3.2.2 Controling number of nodes on edges

Due to the splits in the block structure the earlier defined number of nodes on each
edge must be supplemented with new node numbers for the new edges. Those
numbers can either be defined in a new variable or calculated from the earlier
defined node numbers. For a mesh like the one in figure 5.3 new variables named
np1a and np1c are created to control the number of nodes on the edges as shown
in the figure. Those variables are also used together with the earlier defined
node numbers to control the node number variables np1b and np1d according to
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equation 3.1 and 3.2.

np1b = int

(

np1
L1

L1 + L2

)

+ np1c (3.1)

np1d = int

(

np1
L1

L1 + L2

)

+ np1a (3.2)

where np1 is the assigned variable controlling the number of nodes on the mid
edge on the inlet according to figure 5.1 when no leading or trailing quarter O-grid
is used and where L1 and L2 is the length of the edges as shown in figure 5.3. The
integer function, int, represents that the integer of the value inside the brackets is
used.

Similar, for a mesh like in figure 5.1 the variables np5b and np5c is calculated
according to equations 3.3 and 3.4.

np5b = int

(

np5
L1

L1 + L2
+ 1

)

(3.3)

np5c = np5 − np5b + 1 (3.4)

where np5 is the node number used on the blade sides when no split is made that
divides the blade side edges and where L1 and L2 is the length of the edges as
shown in figure 5.1.

3.2.3 Splitting of blade edges

In figure 3.7 there’s a box representing the splitting of the blade edges. A removal
of a split that goes through those blade edges would also remove earlier splits on
the actual edges. In order to not go through this operation more than once the
script code is created at a separate position in the code block structure, where all
splits already have been created and unwanted splits have been removed. Points
at the positions where the splits are going to be made are positioned at certain
distances around the blade edge. The position of each of those points is then
compared to the position of the blade edge end points in order to make the split
on the right edge. A schematic figure of this process is shown in figure 3.8.
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finished control edges?

all points controlled for edge?

split at point for edge?

Split given edge at given point

No, control next edge

No, control next point

No
Yes

Yes

Yes

Figure 3.8: Code structure with for-loops to split blade edges.

3.3 Calculation Methodology

All calculations are made on a single stage hydrogen turbine in the Vinci engine.
The Vinci engine, next generation upper stage engine to the Ariane 5 rocket, uses
an expander cycle where hydrogen fuel first cools the thrust chamber before driving
the hydrogen turbo pump and then the oxygen turbo pump. The liquid hydrogen
pump is powered by a single stage axial subsonic LH2 turbine and the oxygen
pump is driven by a single-stage axial subsonic LOX turbine. The parts in the
Vinci LH2 turbine is shown in figure 3.9 with its corresponding data in table 3.2.
The approximate sizes of the mesh grids used in the calculations appear in table
3.1. The model of the LH2 turbine used in the calculations is shown in figure 3.10.

Table 3.1: Collocated mesh reports of the rotor domains and the stator do-
main.

Domain Nodes Elements
FluidR1 843582-1212244 806664-1165232
FluidS1 1039737 993700
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(a) Stator (b) Rotor (c) Manifold

Figure 3.9: The stator, rotor and the outlet manifold in the Vinci LH2 tur-
bine.

Table 3.2: Turbine data for the LH2 turbine in the Vinci engine.

LH2 Turbine
Power rating 2500 kW
Speed 91000 rpm
Inlet pressure 190 bar
Inlet temperature 245 K
Blade meanline diameter 120 mm

Inlet

Outlet

Plane 1

Rotor

Stator

Domain interface

Figure 3.10: The model used in the calculations.
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3.3.1 Comparison with experimental data
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Test 58

Figure 3.11: Envelope plot over experimental data. The points that have
been compared are shown with red dots in the figure.

The conditions that have been compared with experimental data is shown in
figure 3.11. The model that was set up to compare computed and experimental
data exist of two domains; one for the stator and one for the rotor. To connect
those two domains an interface of general connection type with stage frame change,
which make a tangential average at the interface, and a constant total pressure
constraint type downstream of rotating frame together with the GGI mesh connec-
tion method was used. Domain interfaces of rotational periodicy were also used
to regard each domain as a periodic part of the stator respective the rotor. An
extra surface with free slip wall conditions was added at the hub wall in front of
the blade in the rotating domain to better simulate the experimental conditions.
The other walls were simulated as no slip walls with smooth wall roughness and all
walls were set up with adiabatic heat transfer. Values for rotational speed as well
as the inlet total pressure and temperature and outlet static pressure boundary
conditions was decided from data received from the experiments according to table
3.3. Since there are no values in the experimental data for the total pressure or
temperature in front of the stator the value of the temperature ahead of the mani-
fold was used directly (since almost no work is made on the fluid while passing the
manifold) while an approximate value for the total pressure was calculated from
the total pressure ahead of the manifold according to equation 3.5.

P01 = 0.977P00 (3.5)

where P01 and P00 represents the total pressure in front of the stator and manifold
respectively. This implicates an assumed pressure loss of 2.3% in the manifold.

Analysis of results

To be able to compare the results, efficiency calculations has been made. The
efficiency calculated in both the experimental and the computed data is calculated
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as a fraction between the work done and the available work according to equation
3.6.

ηts =
τ · ω

ṁ · Cp · Tinlet

(

1 −
P01

PS3

1−n

n

) (3.6)

where τ is the torque on the rotor, ω is the rotational speed, ṁ is the mass flow,
Cp is the specific heat capacity, Tinlet is the inlet temperature ahead of the stator,
n is the ratio of specific heats where P01 and PS3 is the total pressure in front of
the stator and the static pressure after the rotor respectively. With the data from
the computational calculations an efficiency based on the inlet and outlet enthalpy
was calculated in a similar way according to equation 3.7.

ηts =
h02 − h03

Cp · Tinlet

(

1 −
P01

PS3

1−n

n

) (3.7)

where h02 is the total enthalpy between the stator and rotor while h03 is the total
enthalpy after the rotor.

Table 3.3: Test data used to set up comparative flow calculations. P01 is
calculated using equation 3.5.

Test rot.Speed [rad/s] P01 [kPa] Tinlet [K] PS3 [kPa]
Test 1 2824.92 762.95 401.98 409.91
Test 2 2010.62 761.46 401.25 523.73
Test 50 3769.91 762.35 397.87 596.30
Test 58 3774.94 762.35 400.65 345.64

3.3.2 Calculation of efficiency with Hydrogen gas

Disregarding that the shroud gap is increased to 0.3 mm, compared to the experi-
mental data comparison calculations, the same geometry model and mesh are used
in the Hydrogen gas calculations. The boundary conditions used in the calcula-
tions with Hydrogen gas, which aim to simulate an actual operating point, appear
in table 3.4.

Table 3.4: Boundary conditions used in the calculations with Hydrogen gas

rot.Speed [rad/s] P01 [kPa] Tinlet [K] PS3 [kPa]
9433.48 18198.45 222.3 7496.9

It has been of interest to get the efficiency from the manifold in front of the
stator to the manifold after the rotor. The total pressures in those regimes has
therefore been estimated according to equation 3.5 for the pressure ahead of the
manifold in front of the stator and equation 3.8 for the pressure behind the man-
ifold after the rotor.

P05 = P03 − 0.8(P03 − PS3) (3.8)
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To see the trend of how the different Reynolds and Mach numbers in the air
and hydrogen calculations, which can be seen in table 6.2, affects the efficiency,
calculations with air was also performed for the boundary conditions given in table
3.5.

Table 3.5: Boundary conditions used in calculations with Air to increase the
Reynolds number and see what effect it has on the efficiency.

rot.Speed [rad/s] P01 [kPa] Tinlet [K] PS3 [kPa]
3650 20763.7 1500 16240

The Reynolds number has been calculated from the speed of the fluid in ax-
ial direction at the interface between the stator and rotor domain according to
equation 3.9

Reax =
ρUaxLref

µ
(3.9)

where ρ is density of the fluid, Uax is the speed of the fluid in axial direction, Lref

is the axial chord length of the rotor blade and µ is the dynamic viscosity of the
fluid. The values used are mass flow averaged values over the interface. The Mach
number calculations are, on the other hand, calculated as the mass flow average
of the Mach number variable in CFX, which is calculated from the magnitude of
the speed at the interface.

3.3.3 The influence on the efficiency and flow field caused

by different sizes of the shroud gap

To analyze the influence on the efficiency and the flow field caused by different sizes
of the shroud gap all boundary conditions was fixed while the flow was calculated
for some different sizes of the tip gap. The boundary conditions used was the
same as used in Test 1 for the experimental data according to table 3.3. The only
difference between the calculations is therefore the change of tip-gap size in the
geometry file and the corresponding changes made to the mesh.

Analysis of results

Beyond the total to static efficiency calculations made according to equations 3.6
and 3.7 the total to total efficiency was calculated according to equations 3.10 and
3.11 to study the tip gap influence on the efficiency.

ηtt =
τ · ω

ṁ · Cp · Tinlet

(

1 −
P01

P03

1−n

n

) (3.10)

ηtt =
h02 − h03

Cp · Tinlet

(

1 −
P01

P03

1−n

n

) (3.11)
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where P03 is the total pressure after the rotor. To study the difference in the flow
field between the difference tip gap sizes the pressure at different span positions,
see figure 3.12, together with different plots of the pressure, mach number and
streamlines was analyzed.

50 % span

75 % span

99 % span of blade

Figure 3.12: Some of the spans over the blade where the pressure field has
been analysed.



Chapter 4

Literature Survey

4.1 Turbine flow field

The flow field in a high pressure turbine is strongly three-dimensional, unsteady,
and viscous and has several types of secondary flows and vortices. This together
with high turbulence intensity and transitional flow makes the flow field very
complex. The understanding of such complex flow as well as the heat transfer
characteristics is essential in order to be able to improve the blade design and to
predict the efficiency as well as estimate the mechanical and thermal fatigue. An
illustrative figure of the complex flow in an axial turbine blade passage presented
by Gladden and Simoneau [6] together with a end-wall flow model by Langston
[10] is shown in figure 4.1. The first detailed review of secondary flow in turbine

Incoming 

boundary layer 

Pressure side leg of 

horseshoe vortex 
Endwall 

Airfoil 

Passage vortex 

Suction side leg of 

horseshoe vortex 

Horseshoe 

vortex 

Figure 4.1: The complex flow in turbines. To the left an illustrative figure of
the complex flow by Gladden and Simoneau [6] and to the right a end-wall
flow model by Langston [10].

blade passages is given by Sieverding [4]. A major part of the unsteadiness of
the flow field is the relative motion of the blade rows. One of the earliest works
investigating the influence of the unsteady rotor stator interaction on the blade
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aerodynamic performance was done by Arnone et al. [1]. In a later analysis of a
transonic turbine stage by Denos et al. [14] it is showed that the vane shock is
able to impose larger total pressure variations downstream of the stage than those
caused by the vane wakes.

4.2 Tip leakage flow

The rotor must have a running clearance between the blade tips and the stationary
shroud in almost all turbo machinery applications. This clearance, which typically
is about 1.5% of the blade span, give rise to a leakage flow which is driven by
the pressure difference between the pressure and suction side of the blade. The
flow field in a planar cascade has been investigated by Yaras et al. [12] which
shows that the acceleration of the fluid is essentially completed at the pressure
side before the fluid enters the tip gap. Bindon [9] measured the flow field in the
tip gap and the subsequent mixing region in a linear cascade of turbine blades.
He suggested that the tip leakage loss consists of internal gap losses and mixing
losses. The internal gap loss is due to that the fluid passes over the blade tip
essentially without producing any work together with the creation of entropy due
to the viscous effects in the tip clearance gap. The mixing losses, on the other
hand, are due to the reduction of momentum and efficiency when the leakage flow
mixes with the main passage flow. Yaras and Sjolander [11] has shown how the
losses have a significant increase downstream of the trailing edge and that the
losses inside the gap, compared to the total losses, are relatively small.

4.2.1 Different solutions of tip clearance

Treatments of the tip and casing might be used in order to improve the efficiency
and reduce the tip heat transfer. In fluid and heat transfer simulations Ameri et
al. [2] showed that the efficiency due to tip recess was insignificant. Nor did it
ameliorate the heat transfer issues due to the tip recess. Studies of Metzger [5]
and Chyu [13] on heat transfer for both flat and grooved rectangular tips showed
a greatly reduced heat transfer coefficient in the upstream end of the cavity, while
the coefficient was higher in the downstream end due to the flow reattachment
inside the cavity. Those computed results showed that reduced clearance gap can
greatly reduce the heat transfer load on the blade tip and that an increase in cavity
depth also contributes to reduce heat load at the tip. Another method employed to
reduce the tip clearance losses is the use of casing recess. The effect of such kind of
a recess on heat transfer at the tip and casing as well as its influence on efficiency
is examined in a work by Ameri et al [3]. They concluded that the introduction of
a recessed casing resulted in a distinct reduction of heat load and peak values on
the blade tip but only a small reduction on the casing. A drop in the rate of heat
transfer was observed on the pressure side while the representation on the suction
side was found to be more complex.
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Script capabilities

Figure 5.1 shows a plane of one of the simplest mesh configuration possible to
make with the script, and from which all the other configurations has been built
up. The position of the midsplit, which cuts the blocks through the clearance gap
and through the rest of the domain until it reaches the periodic boundaries, are
positioned by the use of the variables splitrat_ps and splitrat_ss which describes
the positions on the blade surface. An even simpler configuration is possible to
achieve by building the mesh topology without the midsplit. The advantage of
creating the midsplit are due to the extra edges created, which might make it
easier to achieve a mesh with orthogonal mesh elements around the blade surface.
In many cases the configuration shown in figure 5.1 are good enough when meshing
the domain. It is, though, hard to achieve good mesh elements in the region close
to the trailing edge of the blade for a highly curved blade with the use of this
configuration, which can be seen by zooming this region as done in figure 5.2.
To give better prerequisite to build up a good mesh for highly curved blades,
development of the possibility to insert a quarter O-grid at the inlet and/or at the
outlet has been done. By setting the variable HQ_LE to 1 the script is informed
about that a quarter O-grid should be made at the inlet and corresponding, the
variable HQ_TE should be set to 1 in order to create a quarter O-grid at the
outlet. Since the creation of those quarter O-grids creates splits which only will
divide the edges on one side of the periodic boundaries, when clearance gap is in
use, it’s necessary to also create splits which divides the other side of the periodic
boundary in order to achieve periodicity. Therefore the possibility to add a ”V-
grid”, which is a Y-block structure in the shape of a V which can be created
between the blades in the mesh, were added. If the mesh is built with a clearance
gap it’s therefore necessary to use both of the quarter O-grids together with the
V-grid or to use neither of those configurations. Figure 5.3 shows edge and mesh
plots for a plane which goes through the clearance gap region in which the V-grid
as well as the quarter O-grids at the inlet and outlet regions is in use. In this
figure we also see that the same number of nodes, given by the variables np1a and
np1c, is used for many of the edges. This is due to that the corresponding edges at
the periodic boundaries as well as the corresponding edges inside the mesh must
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Figure 5.1: Edge and mesh plot of a coarse grid in a plane with midsplit.

Figure 5.2: Zoomed region of the coarse grid close to the trailing edge for a
curved blade with the midsplit configuration.
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Figure 5.3: Edge and meshplot of a coarse grid in a plane with V-grid, leading
and trailing quarter O-grid.

have the same number of nodes. The variables np1a and np1c are also used to
control the variables np1b and np1d according to equation 3.1 and 3.2 which in
turn controls the number of nodes on the edges shown in figure 5.3. To be able
to control a mesh similar to the one showed in figure 5.3 a way to define certain
positions for vertice numbers created in the splits had to be made up. Figure 5.4
shows an edge plot which describes how the different vertices have been positioned.
The positions of the quarter O-grid splits, which can be seen in the description in
figure 5.4, on the blade edge are controlled by the variables labeled le_ps_split,
le_ss_split, te_ps_split and te_ss_split which gives the position along the blade
surface. The position of the split at the inlet and outlet surface is controlled by the
variable labeled rotfrac1 and rotfrac2 respectively where a value of 1 represents a
rotation equal to the O-grid length on the suction side of the blade. The remaining
vertice point in the O-grids is controlled by both a movement along the distance
ahead of respective behind of the blade according to the variables le_dist_frac and
te_dist_frac and a rotation fractional to the pitch angle controlled by the variables



36 Script capabilities
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Figure 5.4: Description of design parameters to control leading and trailing
quarter O-grids.

le_ang_per_frac and te_ang_per_frac according to figure 5.4. The position of
the V-grid itself is controlled by the variables splitrat_ps and splitrat_ss which
describe the positions on the blade pressure and suction side.

Concerning compressor blades the angle between the inlet and the blade doesn’t
use to be orthogonal. Even though those blades are relatively flat the mesh el-
ements obtained, when the simplest mesh configuration without any additional
splits are used, gives quite skew elements as seen in figure 5.5. For those blades
the ability to create an inverted quarter O-grid at the inlet together with the mid-
split and the quarter O-grid at the outlet has been created. This configuration,
which is created by setting the HQ_LE variable to 2 in the script, helps straighten
up the elements between the blades in the domain as seen in figure 5.6.

If no hub-/shroud- gap is chosen the leading and/or trailing quarter O-grids
can be created independent of the choice of midsplit and V-grid.
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Figure 5.5: Edge and mesh plot of a coarse grid in a plane without added
splits.
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Figure 5.6: Edge and mesh plot of a coarse grid in a plane with midsplit,
trailing quarter O-grid and ”inverted” leading quarter O-grid.





Chapter 6

Results

6.1 Comparision with experimental data

The result obtained from the comparison between experimental and calculated
data which is described more in detail in section 3.3.1 is shown below. Figure 6.1
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Figure 6.1: Comparison between the mass flow (kg/s) for data obtained from
experiment and computational calculations. The model consists of a stator
and a rotor with a shroud gap of 0.2 mm. The test numbers represents the
test numbers given by the experimental data.

shows that the mass flow obtained from calculations is about 2.4% to 5% lower
than the corresponding experimental data. The best accuracy according to the
test results is obtained for Test 1 while Test 50 gives the worst accuracy, espe-
cially when the value of this mass flow is obtained using steady state calculations.
In figure 6.2 the efficiency obtained from the experiments is compared to both
the efficiency calculated with torque and the efficiency calculated with enthalpy
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Figure 6.2: Comparison between the total to static efficiency calculations
from experimental data and computational calculations for a model. The
test numbers represents the test numbers given by the experimental data.

according to equation 3.6 and 3.7 respectively. The ηref value is the efficiency
evaluated from test data for Test 1 with the boundary conditions according to
table 3.3. It shows that the efficiency calculated with enthalpy is bigger than the
corresponding efficiency calculated with torque. The relative difference from the
efficiency is less than 1.5% for the efficiency based on torque and less than 3.9%
for the efficiency based on enthalpy for both Test 1 and Test 58. For Test 2 those
differences is about 3.5% and 13.5% respectively. For Test 50 the relative efficiency
difference based on torque differs about −11.7% from the torque based efficiency
for a steady state analysis and −14.3% for a transient analysis while the efficiency
difference based on enthalpy differs about 107.4% for a steady state analysis and
−6.2% for a transient analysis. The calculated torque based efficiency shows a bet-
ter agreement to the test results in all test cases that have been compared except
for the transient analysis of test 50. The experiment data shows better agreement
with the transient analysis for test 50 than the steady state data. The reason for
this are discussed in section 7.2.

The Mach number at 50% span is shown for Test 1 and Test 50 in figure 6.3.
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Figure 6.3: CFX post figures of the Mach number at 50% span for Test 1 to
the left and Test 50 to the right. The stagnation points can be recognized as
the blue region close to the leading edge.

6.2 Calculation of efficiency with Hydrogen gas

With the boundary conditions stated in table 3.4 the efficiencies for the calculations
with hydrogen gas stated in table 6.1 have been calculated with both the k-Epsilon
and the SST turbulence model, with and without Constant Total Pressure as the
downstream Velocity Constraint in the domain interface. The efficiency from the

Table 6.1: Calculated efficiencies with use of k-Epsilon and SST turbulence
models and with/without Constant Total Pressure as the Downstream Ve-
locity Constraint in the Domain Interface. The efficiencies is calculated over
the stator and rotor and pressure correction is used to predict the efficiencies
when the manifolds ahead of the stator and after the rotor are included. The
scaled efficiencies in the table is always higher than ηref since no cavity is
used in those calculations.

k-Epsilon k-Epsilon SST SST
Scaled const. tot. const. tot.
efficiency, η/ηref pressure pressure
without manifolds 1.1890 1.1800 1.2690 1.2730
including manifolds 1.0910 1.0846 1.1382 1.1341

calculation made according to the boundary conditions in table 3.5, to achieve
a higher Reynolds number in the air calculations and thereby see the trend of
the Reynolds number effect on the efficiency, is shown in table 6.2 together with
the hydrogen calculations and the air calculation made with boundary conditions
according to Test 1 in table 3.3. The flow angles of the fluid in to the rotor is also
given by table 6.3. The efficiencies here are scaled with the value of the efficiency
extracted from the hydrogen calculation.
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Table 6.2: Comparison between the Reynolds and Mach number for the
Hydrogen calculations, calculations with Air corresponding to Test 1 and Air
calculations in which the boundary conditions was changed according to table
3.5 to achieve higher Re.

Re Ma Scaled efficiency, ηis

Hydrogen calculations 3.42e6 0.45 1.0000
Air calculations, Test 1 1.29e5 0.37 0.8549

Air calculations, higher Re 5.58e5 0.20 0.8535

Table 6.3: Flow angle in to rotor for the comparisons between the Reynolds
and Mach number for the Hydrogen calculations.

Flow Angle to rotor [deg]

Re Ma Relative Absolute
Hydrogen calculations 3.42e6 0.45 -62.51 -77.13

Air calculations, Test 1 1.29e5 0.37 -61.05 -77.03
Air calculations, higher Re 5.58e5 0.20 -61.01 -77.10

6.3 The influence on the efficiency and flow field

caused by different sizes of the shroud gap

By plotting the efficiency for different shroud gaps we get a figure according to
6.4.

0 0.1 0.2 0.3 0.4 0.5 0.6
0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

Shroud gap influence on efficiency (air data)

shroud gap [mm]

η/η
ref

 

 

η
ts

 torque based

η
ts

 enthalpy based

η
tt
 torque based

η
tt
 enthalpy based

Figure 6.4: Shroud gap influence of the total to total and total to static
efficiency. The actual work in the efficiency calculations is calculated from
both the torque acting on the blade and hub walls and the enthalpy change
over the rotor.
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It shows a quite linear relationship between the efficiency and the shroud gap
size. The total to total efficiency according to equations 3.10 and 3.11 for the
torque based and the enthalpy based efficiency respectively shows higher efficiency,
especially for low shroud gaps, than the corresponding total to static efficiency
calculations according to equations 3.6 and 3.7. It also shows that the enthalpy
based efficiency calculations predicts higher efficiency than the corresponding cal-
culations based on torque.

In figure 6.5 bigger variations in the pressure field close to the tip gap is shown.
The pressure field at 99% of the blade span tends to be more evenly distributed
on the suction side of the blade for small shroud gap sizes. For the case without
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Figure 6.5: Comparison between the pressure profiles for different shroud
gap sizes. To the left at a position of 50% of the passage span and to the right
at a position of 99% of the blade span.

tip gap the pressure profile at 99% span has been removed due to unrealistic flow
conditions.

Figure 6.6 shows the different pressure distributions on the suction side of the
blade depending on the shroud gap. In figure 6.7 streamlines close to the hub
and shroud are drawn from the inlet to the rotor. The resulting total pressure
distributions, both in stationary and relative frame, on a plane a short distance
downstream of the trailing edge and ahead of the outlet is shown in figures 6.8 -
6.11 for no gap, 0.2mm gap, 0.4mm gap and 0.6mm gap respectively.
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(a) no gap (b) 0.2 mm

(c) 0.4 mm (d) 0.6 mm

Figure 6.6: Static pressure on suction side of blade for different gap sizes
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(a) no gap

(b) 0.2 mm gap

(c) 0.4 mm gap

(d) 0.6 mm gap

Figure 6.7: Streamlines from surfaces at the inlet of the rotor, close to the
hub and shroud, for different sizes of the shroud gap.
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(a) Total Pressure in Stn frame

(b) Total Pressure in relative frame

Figure 6.8: Total Pressure profiles in stationary and relative frame without
tip gap at plane 1, which is the plane between the trailing edge of the blade
and the outlet shown if figure 3.10.

(a) Total Pressure in Stn frame

(b) Total Pressure in relative frame

Figure 6.9: Total Pressure profiles in stationary and relative frame for a tip
gap of 0.2 mm at plane 1, which is the plane between the trailing edge of the
blade and the outlet shown in figure 3.10.
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(a) Total Pressure in Stn frame

(b) Total Pressure in relative frame

Figure 6.10: Total Pressure profiles in stationary and relative frame for a tip
gap of 0.4 mm at plane 1, which is the plane between the trailing edge of the
blade and the outlet shown in figure 3.10.

(a) Total Pressure in Stn frame

(b) Total Pressure in relative frame

Figure 6.11: Total Pressure profiles in stationary and relative frame for a tip
gap of 0.6 mm at plane 1, which is the plane between the trailing edge of the
blade and the outlet shown in figure 3.10.





Chapter 7

Discussion

7.1 Script capabilities

One great advantage of the updated mesh script is the ability to make different
mesh configurations in the same script. It makes it easier to, by means of small
justifications, try out different mesh configurations. Thereby it isn’t necessary to
implement the same geometry file and mesh parameters into another mesh script
file in order to be able to compare different mesh configurations. By reducing the
number of script files it also makes it likely to find an appropriate script file for
the purpose without making a lot of research work. Since the same script file can
be used for several configurations it also makes it’s easier to get a comprehensive
view of what this single script can do and how to achieve a desirable mesh. On
the other hand, the updated script has added some extra complexity to the code
where it’s more important where in the code different operations are done which
might make further improvements of the script more difficult. Another difficulty
which has occurred in the script is how to control the different configurations in
a general manner. It’s not always obvious which parameters to change to make
the desirable mesh and the parameters that are in use might differ depending
on the configuration chosen. If even possible, it could therefore be of interest
to complement the script with a Guided User Interface (GUI) which gives the
parameters to change depending on configuration. It would, though, demand
quite some extra programming work to achieve.

7.2 Comparision with experimental data

In the comparative efficiency calculations the efficiency has been based on the
total to static pressure ratio instead of the total to total pressure ratio. The total
to static pressure ratio has been preferable since it has been easier to measure
the static pressure after the rotor in a proper manner, during the experiments,
why the total to static pressure ratio is more reliable. Figure 6.2 shows good
agreement with the experimental data except for the steady state enthalpy based
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efficiency for Test 50. The agreement is especially good for Test 1 and Test 58
where the relative difference from the efficiency isn’t bigger than 1.5% for the
efficiency based on torque and 3.9% for the efficiency based on enthalpy. Even in
those tests where the difference between the torque and enthalpy based efficiencies
is small the enthalpy based efficiency is slightly bigger.

One error source in the calculations is that the cavity between the stator and
rotor only is modeled as a slip surface. In fact this cavity results in a leakage flow
which affect the efficiency. Another thing that isn’t modeled in those calculations
is the radius where the rotor blade is attached to the hub which also might affect
the flow field and thereby the efficiency. The calculated drop in pressure over
the manifold that is used to get the inlet pressure for the CFD calculations is
only approximated according to equation 3.5 which also leads to vagueness in the
comparison with the experimental data.

The huge difference between the torque and enthalpy based efficiencies for
the steady state analysis of Test 50 is due to H-energy imbalances that aren’t
converging towards zero in the solution. This means that the CFX solver isn’t able
to find a fully converging steady state solution of the problem why the solution
to the problem is incorrect. By allowing a transient behavior of the fluid this
problem can be avoided which results in that the difference between the torque
and the enthalpy based efficiencies is drastically decreased as can be seen in figure
6.2. Notable is, though, that the relative difference between the torque based
efficiencies isn’t bigger than 2.92% between the steady state and transient solution
for Test 50.

It’s also interesting to observe that the position for Test 50 is in the upper
left corner of the envelope plot as seen in figure 3.11 while the other compared
test points lies, more or less, on a line. For a lower total to total pressure ratio
and a higher speed coefficient there doesn’t even exist any experimental data.
This together with the poorer efficiency for Test 50 indicates that the turbine
running conditions is quite extreme for Test 50. By looking at the plots of the
Mach number at 50% span in figure 6.3 we can also see a huge difference in the
flow field where the stagnation point lies much higher for Test 50, according to
the CFD calculations, compared to Test 1. According to the results obtained it
also seems like the CFD solution tends to overestimate the efficiency for normal
running conditions while it underestimates the efficiency for extreme conditions
close to the position of Test 50 in the envelope plot.

7.3 Calculation of efficiency with Hydrogen gas

The difference between the calculations with and without Constant Total Pres-
sure as the Downstream Velocity Constraint in the Domain Interface are small
according to table 6.1. This indicates that this option has little influence on the
calculated efficiency. The difference between the k-Epsilon and the SST turbulence
models are, though, much bigger. This might be due to the effect of an unnatural
increase in the turbulent viscosity at the domain interface with the SST turbulence
model, which has been experienced earlier by Volvo Aero. In this thesis, though,
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no effort has been put down to investigate this phenomenon more in detail.

Due to the good agreement with the experimental data for the air calculations
it’s likely to believe that also the hydrogen calculations shows good result. In those
calculations, though, noteworthy higher efficiencies than for the air calculations are
shown. This increase of efficiency is likely to be an effect of the higher Reynolds and
Mach number in the hydrogen calculations. Though, in the calculations where the
boundary conditions were changed to achieve a higher Reynolds number according
to table 3.5, and the rotational speed were adjusted to achieve a comparable flow
image as seen in table 6.3, the efficiency were slightly decreased. A somewhat
higher Reynolds and Mach number is possible to achieve by further decrease the
pressure at the outlet. It’s not possible, though, to achieve both the same Reynolds
and Mach number in the calculations without scaling the geometry since the speed
of the flow in the channel would become sonic before those conditions are met.
Since the Mach number for the other calculations are in a region where the fluid
starts to become compressible the reason why we don’t see an increase of the
efficiency when the Reynolds number increase could be due to the decrease of the
Mach number. Due to this counter reacting behavior of the Reynolds and Mach
number further investigations are necessary in order to be able to draw conclusions
on the Reynolds and Mach number influence on the efficiency.

7.4 The influence on the efficiency and flow field

caused by different sizes of the shroud gap

According to figure 6.4 it seems like the drop in efficiency is quite linear as the
shroud gap increases, especially for the total to static efficiency calculations. The
curves shows good agreement with the general thought that a smaller clearance
gap is preferable to have better efficiency. The linearity also gives good prerequisite
to picture the effect on the efficiency if the tip gap size is changed. As discussed
in section 7.2 the efficiency calculations based on enthalpy gives higher efficiencies
than the corresponding torque based efficiency calculations since the calculated
drop in enthalpy is used in those calculations. Since the total pressure is the
sum of both the static and dynamic pressure, the ratio between the total to total
pressure, P01

P03

, is smaller than the ratio between the total to static efficiency, P01

PS3

,
in equations 3.6 - 3.11. This leads to the higher prediction of the efficiencies in
the total to total efficiency calculations.

As expected, bigger difference in the pressure distribution due to the shroud
gap size is found close to the shroud as seen in figure 6.5. With no shroud gap the
horse shoe vortex created at the hub and shroud leading edge side of the blade
are quite distinct, which can be seen as the two stripes with reduction of pressure
on the suction side of the blade in figure 6.6a and by looking at the streamlines
in figure 6.7a. Similar the horse shoe vortex created at the hub for a clearance
gap of 0.2mm can be distinguished quite easy in figure 6.6b and 6.7b respectively.
The streamlines close to the shroud in figure 6.7b, tends to roll up towards the
middle of the blade and away from the suction side while the visible stripe of
pressure reduction in figure 6.6b close to the shroud is due to tip leakage flow
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which start to roll up on the suction side of the blade close to the leading edge, to
be embedded by leakage flow of which the most leaves the tip gap downwards in
the flow direction from where the blade shape starts to spire. This vortex tends
to be strong and introduces a big pressure drop which can be seen in the low
pressure region in relative frame close to the shroud, see figures 6.9b - 6.11b. The
red regions close to the hub wall in figure 6.6 represents something similar to a
stagnation point where fluid close to the hub wall moves from the pressure side of
one blade towards the suction side of the next blade where this increase of pressure
is shown. The pressure in this stagnation region also tends to be higher for bigger
shroud gaps, as shown in figure 6.6. In figures 6.8a - 6.11a the red regions close
to the shroud wall, which both expands and increase in pressure magnitude as
the size of the tip gap increases, shows flow from which almost no work has been
extracted. This region thereby represents the flow which has passed the tip gap
region more or less undisturbed. By looking at the pressure field in relative frame
after the trailing edge of the rotor the unwanted pressure losses due to secondary
flows, which results in worse efficiency, is shown. Figure 6.8b - 6.11b shows how
this relative pressure is decreased over the whole surface as the tip gap increases.
It also shows that the vortex created by the tip leakage flow close to the shroud
is the part of the flow which has the, in magnitude, biggest pressure losses. From
figure 6.7 as well as from figures 6.8 - 6.11 it’s shown how the mixing of the flow,
which highly contributes to efficiency losses, increases as the tip gap clearance is
increased and gives a more messy flow characteristic. The mixing for big clearance
gaps also makes it impossible to distinguish the different vortices, initially created
close to the hub- and shroud- wall, downstream of the blade. Figures 6.8 - 6.11
also show how the increase in tip leakage flow tend to move the vortices towards
the pressure side of the next blade in the rotational direction. From the results
presented it is, though, hard to see whether this has any influence on the pressure
side of the blade or not.
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Conclusions

The aim to considerably decrease the necessary manual work to make calculations
on blades with clearance gaps has been fulfilled with the updated script file, even
though the script probably still suffer from childhood diseases. The added possi-
bility to create several different mesh configurations within the same script gives
better conditions to achieve a good mesh for different blade geometries.

The fact that the comparisons between the efficiencies calculated with CFD
simulations and the efficiencies from the experimental data are of the same mag-
nitude indicates that good agreement with reality is achieved in the calculations.
Those calculations has also shown that it might be a good idea to calculate the
efficiency based on both the integrated torque over the blade wall and the enthalpy
difference since big differences between those values might indicate non-converging
H-energy imbalances.

The rather large differences between the use of k-Epsilon and SST turbulence
that has been observed indicates the stage interface (mixing plane) calculations
used with SST turbulence model should be used with some care for the appli-
cation used in this investigation. This is mainly due to the known unphysical
increase in turbulent viscosity over the stage interface when using the SST model
in CFX which for this flow gives a rather large impact on the secondary flows.
What regards to the Reynolds and Mach number effect on the efficiency further
investigations are necessary in order to be able to draw any definite conclusions.

The influence of the tip gap size on the efficiency is shown to be quite linear,
especially with use of the total to static efficiency calculations. The efficiency losses
due to the tip gap size are much due to the growth of the strong vortex created
close to the blade tip on the suction side of the blade and the flow that passes the
tip gap more or less undisturbed. An increase of the tip gap also contributes to
increase mixing of the flow and gives a messier flow characteristic.
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Appendix A

Isentropic efficiency

calculations

The isentropic efficiency in an expansion stage is defined as the ratio of the actual
work output to the work output that would be achieved if the process between the
stages were isentropic according to equation A.1.

ηexp =
Actual work

Isentropic work
(A.1)

A.1 Isentropic efficiency

s

T

p1

p2
1

2s 2

Figure A.1: Isentropic efficiency

In the expansion step, illustrated in figure A.1, the entropy remains constant
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58 Isentropic efficiency calculations

for the reversible isentropic process, while it increases in a real process. By us-
ing equation A.1 the isentropic efficiency can therefore be described according to
equation A.2.

ηis,exp =
h1 − h2

h1 − h2s

(A.2)

A.2 Efficiency for an ideal gas

In a polytropic process in which the kinetic and potential energy change is negli-
gible equation A.3 applies.

pvn = C (A.3)

where p is the pressure, v is the specific volume, C is a constant and n is a
polytropic constant. For a change of state between state 1 and 2 this yields:

p1

p2

=

(

v2

v1

)n

(A.4)

By combining this with the ideal gas law, pv = RT we have:

p1

p2

=

(

v2

v1

)n

=

(

T2p1

T1p2

)n

⇒
T2

T1

=

(

p1

p2

)
1−n

n

(A.5)

where R is the specific gas constant and T is the temperature in Kelvin. To
calculate the isentropic work we make use of the first law of thermodynamics for
a control volume with one inlet and one outlet (in specific form):

q12 = (h2 − h1) +
1

2
(v2

2 − v2
1) + g(z2 − z1) + wt (A.6)

where q12 is the added heat between stage 1 and 2, h, v, and z is the enthalpy,
speed and height potential respectively while wt is the technical work that the
control volume performs on the surroundings. Since no heat is added and the
potential energy change is negligible equation A.6 can be simplified to:

wt = h01 − h02 (A.7)

where h01 and h02 is the total enthalpy and T 01 and T 02 is the total temperature
at stage 1 and 2 respectively. Between the enthalpy and the temperature we also
have the relationship dh = cpdT where cp is the the heat capacity in J/kgK. By
assuming a perfect gas where cp is constant this relationship might be expressed
as:

h01 − h02 = cp(T 01 − T 02) (A.8)

By combining equations A.5, A.7 and A.8 we have:

wt = h01 − h02 = cp(T 01 − T 02) = cpT 01

(

1 −
T 02

T 01

)

= cpT 01

(

1 −

(

p1

p2

)

1−n

n

)

(A.9)
which is the isentropic work. By combining it with equation A.1 we get the
efficiency.


