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ABSTRACT

Dawn Aerospace is developing a small launch vehicle in the form of a spaceplane, which is powered by a
turbopump driven rocket. To reach higher engine efficiency and save weight, there is a need for a small
highly-power dense turbine. The efficiency of small turbines strongly depends on the tip gap sizes compared
to the blade height. Existing turbine loss models predict large efficiency penalties due to excessive clearance
losses, caused by the relatively large tip gap over blade height ratio. To build a competitive small launch
vehicle, it is necessary to develop a highly efficient turbine.

The objective of the work presented here is to first analyse and then minimize the clearance losses oc-
curring in a representative small turbine for the spaceplane by applying seals on top of the shroud. Turbine
loss models presented in the literature are limited to predicting losses for labyrinth seals only. As more ad-
vanced seals, like the brush seal, are being used more regularly there is a need for more accurate modelling
of clearance losses in shrouded rotors.

In order to calculate the leakage through seals, first bulk flow models (BFM) were developed for the
labyrinth, annular and brush seal. BFMs use the zeroth-order of a perturbation equation to calculate leakage.
Two- and three-dimensional numerical models were developed to simulate the mass flow rate through the
seals with the help of commercially available software. Next, the BFMs and numerical models were validated
against experimental data obtained from literature. BFMs could predict leakage rates through seals with an
accuracy up to 15%, when suitable empirically determined constants/equations were used. The numerical
models performed slightly worse for the annular seals with a minimum accuracy of 25%, while good predic-
tions were obtained for labyrinth seals and brush seals. Little difference could be seen between 2D and 3D
CFD when assessing leakage through shaft seals.

The turbine design of Dawn Aerospace was evaluated in CFD and compared to the loss model of Dun-
ham&Came. First, an unshrouded case was designed to assess the profile and secondary losses arising in the
turbine. In the unshrouded case the loss model agreed with CFD. In the case of the shrouded turbine a large
discrepancy existed between CFD and the loss model. The difference in loss was attributed to the fact that
the loss model massively over predicted the clearance loss of the turbine, by over predicting the leakage over
the shroud.

A new loss model has been developed which can be used to more accurately predict the clearance loss of
a turbine. This improvement is achieved by using Denton’s equation for clearance loss and Dunham&Came’s
equations for profile and secondary loss. Denton requires the determination of the leakage mass flow rate
through the shroud. The leakage mass flow rate is dependent on the inlet, the seal and the outlet. The leak-
age through the shroud can be calculated with the usage of BFMs. The inlet and outlets of the shrouds are
modelled as labyrinth seals while placing the actual sealing system in between. This means that now not only
simple labyrinth seals can be predicted, but brush seals as well and possible other seals for which leakage
equations are available. It has been shown that the model can accurately predict losses for a range of tur-
bines. The efficiency predictions of the loss model for a range of designed turbines were within 5.6% when
compared to CFD

During the sensitivity analysis on the model it was found that the influence of the inlet and outlet cavity
width on the mass flow rate is significant in small turbines. Especially if the sealing mechanism on top of the
shroud is simple, which is the case for an annular seal or a single finned labyrinth seal. Whenever multiple
fins were adopted or the brush seal is used the inlet and outlet width become less important in the sealing
system for reducing leakage rate over shrouds in small axial turbines.
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1
INTRODUCTION

The space industry has seen an increasing number of satellite launches over the past decades. To satisfy the
increasing demand for launch services, small satellites (smallsats) have become the focus. Smallsats often
take rideshares on government-funded satellite launches to reduce launch costs, which means they are the
secondary payload. Being the secondary payload has consequences, as to not getting the ideal orbit for the
satellite and other restrictions in place to protect the main payload. To launch smallsats on the appropriate
orbit there thus is a demand for dedicated smallsat launch vehicles [15, 16].

Dawn Aerospace is developing a revolutionary launcher in the form of a spaceplane. The Mk-II is a scaled-
down proof of concept, which can be seen in figure 1.1, to comply with the demand for small satellite launch
vehicles. Contrary to conventional rockets the space plane can be launched from an airport without the need
of closing the airspace, as for the first part of its flight it is operated as an aircraft. In addition, the spaceplane
will land at the same airport and can be refuelled and fly again on the same day. This space plane will be
powered by a rocket engine and to deliver high pressure propellants to the rocket engine pumps are used.
To keep the spaceplane as light as possible the pumps will be powered by a turbine, instead of using electric
motors with batteries. Turbopumps are extremely complex machinery and crucial for every liquid rocket
engine with high performance. The rocket engine will be of the closed engine cycle type, this means that the
propellants from the tank will go through the pumps, cooling channels, turbine and that all fluids will exit
through the engine’s nozzle. The oxidiser of the engine is hydrogen peroxide and the fuel will be kerosene.
The hydrogen peroxide will be decomposed in a catalyst pack after which it will drive the turbine, before
going to the combustion chamber.

Figure 1.1: The Mk-II Aurora spaceplane at the airport

1



2 1. INTRODUCTION

The performance of a space vehicle is typically described by the Tsiolkovsky equation given in equation
1.1. ∆v describes the capability of a space vehicle to either reach space or how much payload space vehicle
can take with it and still reach space. The equation thus shows that the performance of a space vehicle is de-
pendent on the specific impulse (Isp) and the wet to dry mass ratio (m0/mf). The specific impulse is mainly
influenced by the chamber pressure that can be reached in the rocket engine, while the mass ratio is depen-
dent on the component weight and the fuel weight. Employing a turbine to power the pumps reduces the
component weight when compared to an electrical pump system as there is no need to bring large batteries.
To achieve high combustion pressure the turbine should extract as much energy from the fluid as possible,
with a limited pressure drop, as the rocket engine is a closed-loop system. The combustion chamber pressure
is crucial in order to get a high Isp, which is a measure of how efficiently an engine uses its fuel. Consequently
a higher Isp results in a higher ∆v . Without altering the mass flow rate (ṁ) this can only be achieved if the
turbine operates at high efficiency (ηt), as is described in equation 1.2.

∆v = Ispg ln

(
m0

mf

)
(1.1)

Pout = ṁηtcpTin

(
1− pout

pin

γ−1
γ

)
(1.2)

Figure 1.2 shows the change in ∆v for the increase in turbine efficiency, ηt. It only takes into account the
higher pressure in the combustion chamber due to a higher power output of the turbine, the mass ratio used
is 3.5. The higher turbine power output will result in higher pump outlet pressures. It can be seen that in this
range of pressure increase and at this fuel and oxygen ratio of the propellants the rocket engines performance,
∆v , increases by 0.2% for every 1% in turbine efficiency increase. the 0.2 % for each 1% in turbine efficiency is
generally not significant. However, seeing that the initial turbine efficiency was very low, that gave room for
a substantial improvement of about 3 - 4 % in ∆v if a turbine efficiency could be achieved in the range of 90 -
95 %.
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Figure 1.2: Change in ∆v as a function of turbine efficiency.

The turbine of small rocket engines (< 15 kN) is often very small and rotate at high rotational speeds in or-
der to be as lightweight and efficient as possible. The small size brings consequences such as manufacturing
constraints due to limits in manufacturing precision. This means that gaps needed between rotating and sta-
tionary components become relatively large. The typical gap to blade height ratio is around 1-2% [17] while
the turbine of Dawn Aerospace has a gap to blade ratio of around 10%. For unshrouded turbines clearance
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losses due to the clearance at the tip can already become as large as one-third of all the losses in the turbine
[18]. This loss is mainly dependant on the leakage flow in this gap, which in turn is proportional to the relative
size of the gap compared to the blade. This thesis aims to reduce the losses caused by clearance gaps in small
turbine and make the usage of small turbines more rewarding.

The scientific background and theoretical basis of this thesis can be found in chapter 2. Chapter 2 also
presents the research objective and research questions. The methodology of this thesis is presented in chap-
ter 3, it includes the development of analytical and numerical models used throughout the thesis. Chapter
4 focuses on the validation of the developed shroud model, the design of new turbines with the model and
presents a sensitivity analysis of the model. The thesis closes with chapter 5 where the conclusions and rec-
ommendations of this work are discussed.





2
SCIENTIFIC CONTEXT AND THEORETICAL

BASIS

In the previous chapter, the spaceplane of Dawn Aerospace was introduced. It was shown that increasing
the turbine performance would increase overall vehicle performance. The chapter also discussed that due to
the small engine size, the relative clearance sizes in the turbine are larger than in conventional turbines and
would severely impact turbine efficiency.

This chapter aims to give more context for why this research is conducted. The mitigation methods for
reducing clearance losses and the process of turbine design are discussed. It describes the need for a more
modular approach to turbine shroud sealing, to assess the turbine performance with different types of seals
in the preliminary design stage. A general overview of turbine design and its losses is presented in section
2.1. In section 2.2 an overview is given on the possibilities for reducing tip clearances found in the literature.
Section 2.3 continues to discuss rotary seals which can be used on top of shrouds. The state of the art and
motivation for this thesis are discussed in section 2.4. Section 2.5 specifies the research goals and research
questions of this thesis.

2.1. AXIAL GAS TURBINES: DESIGN AND LOSSES
Turbines are commonly used in power generation and aerospace. In the case of rocket engines, it is part of
the turbopump and drives the pump(s) in a direct way or through a gearbox. The more efficient the turbine
the more power can be provided to the pump for the same mass flow rate through the turbine. This means
that the pump can achieve higher pressure and this will increase the pressure in the combustion chamber. A
higher combustion pressure means that the Isp of the propellants will be higher, which is a measure of the
propellants efficiency. There exists a finite gap between rotational parts and stationary parts, to ensure that
the rotor can rotate freely. Figure 2.1 shows the gap width denoted with gR and is often as small as possible,
while still taking into account the rotor growth due to thermal expansion of materials and due to centrifugal
forces.

To design an axial turbine the mean line design approach is used. It calculates the velocity triangles, which
dictate the angle of the blades at the mean radius of the turbine, indicated by rm in figure 2.1. The calculated
blade angles can be used to construct the turbine blades and to calculate the performance of the turbine
with the help of empirically determined loss models. These loss models are available from literature and are
mostly developed within the 1970-1980s. The loss model discussed below is developed by Dunham&Came
(DC) [19], who updated the method of Ainley&Mathieson (AM) [20] to also be applicable to turbines with
aspect ratio’s (height of the blade over the chord length) smaller than two and with a larger range of Reynolds
numbers. They achieved this by including the aspect ratio in the prediction for the losses, such that it also
became valid for smaller turbines.

The 2D blade profile of the turbine is further defined with the 11 parameter method developed by Pritchard
[1], from which the thickness/blade chord ratio of the blade is obtained. The thickness over chord ratio plays
a role in the profile losses as can be seen later on in this section. The 11 parameters come from either the
meanline design code, i.e. blade angles or from user inputs. An example of a generated blade design is given
in figure 2.2. The method allows the calculation of every point of the blade by first calculating 5 key points,

5
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N R
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Figure 2.1: Schematic of the meridional view of the turbine with indication of positions used by the meanline design program.

the 4 points where the leading edge and trailing edge join up with the pressure and suction side, number 1,
3, 4 and 5 in the figure and the last point is positioned at the throat, number 2 in the figure. The points are
connected with 5 equations, 3 circular and 2 third-order polynomials as indicated in figure 2.2. This method
gives rise to a wide variety of different blade designs, without the need for user interaction.

X

Y

Pritchard 11 parameter blade

No.

3
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4
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2
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1
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Circle

Circle
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Figure 2.2: Eleven parameter blade design example of Pritchard [1] where the 5 key points and the surface equations are indicated.

The losses of a turbine are often characterized by the loss models into three categories: 1) profile losses, 2)
secondary losses and 3) clearance losses. This thesis uses the pressure loss coefficient notation. This allows
for the calculation of pressure loss for each individual loss component and easy summation to obtain the
total pressure loss coefficient of the blade row as can be seen in equation 2.1.

Ytotal = Yprofile +Ysecondary +Yclearance (2.1)

The losses will be explained in some detail below together with how the existing loss model of Dun-
ham&Came calculates them. The loss computation for clearance losses is especially important during this
thesis.
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2.1.1. PROFILE LOSSES
Profile losses are related to the loss generation caused by the boundary layer of the blade profile, see fig-
ure 2.3. The blade influences the velocity profile downstream of the blade. This zone where the velocity
distribution changes is called the wake as indicated in the picture. It is assumed that the profile loss is a
two-dimensional loss. In the loss model of Dunham&Came, the loss from the trailing edge is included in this
loss [4, 19, 21]. The profile losses are determined by cascade tests performed by Ainley&Matiehson [20]. The
loss is also determined to be dependent on pitch/chord ratio and is investigated for impulse and reaction
blades [22]. Equation 2.2 shows how to calculate the profile loss, where YP () is read from a graph published by
Ainley&Mathieson [20]. The graphs of Ainley&Mathieson are valid for a range of thickness/blade chord ratios
(t/c in equation 2.2) of 0.15 to 0.25. In equation 2.2 β2 and β3 respectively correspond to the incoming flow
angle and outgoing flow angle. Whenever β2 =β3 the graph is used for impulse blading and when β2 = 0 the
graph is used for reaction blading.

Yprofile =
(
YP (β2=0) +

(
β2

β3

)2 [
YP (β2=β3) −YP (β2=0)

])(
t/c

0.2

)β2/β3

(2.2)

Figure 2.3: Schematic illustration of boundary layers forming on the blade surface and the wake forming afterwards, which is captured
in the profile losses in loss models. Figure obtained from [2]

2.1.2. SECONDARY LOSSES
Secondary losses are generated by the interaction between the boundary layer and blade, which forms three-
dimensional vortices, so-called horseshoe vortices as shown in figure 2.4. For short turbine blades, the horse-
shoe vortex can take up a major part of the blade surface, resulting in large losses. The secondary losses can
account for almost 30%-50% of the total pressure loss according to Sharma and Butler [3]. The pressure loss
generated by the secondary loss is calculated with an empirically determined equation given equation 2.3. In
the equation, c/h denotes the chord length of the blade over the blade height, α and β are the metal angle
and flow angle respectively. CL is the lift coefficient of the blade and s/c is the pitch to chord ratio.

Ysecondary = 0.0334
( c

h

)(
cos(α2)

cos(β1)

)[(
CL

s/c

)2 cos2(α2)

cos3(αm)

]
(2.3)
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Figure 2.4: Schematic of the secondary flow vortex structure in an axial turbine, reproduced from [3].

2.1.3. CLEARANCE LOSSES
Clearance losses in axial turbines happen for both unshrouded and shrouded turbines, albeit with different
leakage paths. In the case of an unshrouded turbine, there exists a gap between the suction and pressure side
of the blade. Instead of following the blade contour, a small portion of the flow will leak from the pressure
to suction side of the blade, where it mixes with the main flow and causes a disturbance. In the case of the
shrouded turbines, a leakage flow exists from the front of the rotor blade over the shroud to the aft of the
rotor blade, where it gets injected into the main flow as can be seen in figure 2.5. This injection into the main
flow contributes most to the leakage loss [23], due to the viscous mixing between the flows. Dunham&Came
developed a model in the form of equation 2.4 for the calculation of losses in axial turbines, where B is a
constant and represents the difference between the shrouded (0.37) and unshrouded (0.47) case and k the
actual clearance. k ′ Is the effective sealing clearance and is a function of the number of fins that are present
for the labyrinth seal on the shroud, represented in equation 2.5.

Yclearance = B
c

h

(
k ′

c

)0.78 [(
CL

s/c

)2 cos2(α2)

cos3(αm)

]
(2.4)

k ′ = k

(number of fins)0.42 (2.5)

Figure 2.5: A schematic of the leakage path for shrouded axial turbines, reproduced from [4].
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Denton [4] proposed a more physical based approach to calculating losses in turbines which is shown in
equation 2.6. He achieves this by considering the generation of entropy (ζ) as a characteristic for lost work.
His loss model for shrouded turbines laid the base of the focus for loss reduction associated with a shroud.
Denton based his model on the mixing of a jet with the main flow, since he identifies the mixing of the flows as
the main mechanism that causes the loss. Denton’s model suggests that there are two sources responsible for
the generation of entropy due to mixing. First, the mass flow rate ratio mL/mm , where mL is the leakage rate
over the shroud and mm is the main flow through the turbine. Secondly the difference in flow angle between
the incoming flow angle α1 and the outgoing flow angle α2, which serve as an approximation between the
actual difference in the flow angle at the shroud outlet and the flow angle of the main flow after the rotor blade.
Two methods to reduce clearance losses according to Denton his equation are thus: reducing the leakage flow
and/or to reduce the difference in circumferential velocity through the application of turning vanes at the exit
of the shroud. This means that the losses calculated by Denton’s equation depend on accurately calculating
the mass flow through the seal, for which he does not propose a satisfying relation that can include multiple
sealing configurations.

ζclearance = 2
mL

mm

(
1− t an(α1)

t an(α2)
si n2(α2)

)
(2.6)

2.2. THEORETICAL BACKGROUND ON CLEARANCE LOSS MITIGATION

In the literature, several clearance loss mitigation techniques can be found. There are three different types of
rotor tips: unshrouded, partially shrouded and fully shrouded, different techniques are applied to each tip. To
clarify the division of different tips with their techniques a diagram has been constructed and can be seen in
figure 2.6. All techniques have their own benefits and specific uses. In the sections below the techniques will
be shortly discussed and at the end an explanation will be given why the focus of this thesis lies on shrouded
turbines with seals.

Turbine Tip 
Configurations

Unshrouded

Partially Shrouded

Shrouded

Flat

Squealer

Winglet

Thin shroud

Datum shroud

Sealed shroud

Figure 2.6: Diagram of the separate clearance mitigation techniques.
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2.2.1. UNSHROUDED
Unshrouded turbines are a widely covered and well-understood class of turbines. The unshrouded turbines
have no extension into the circumferential direction, they stay true to the original blade form of a turbine
blade. This class can be further divided into the flat tip and squealer tip configuration.

FLAT TIP

The case of a flat tip is often covered in literature as it is the most basic turbine design, a side view of a blade
cut-through is given in figure 2.7. As can be seen, no explicit leakage mitigation method is used to reduce
leakage from pressure to the suction side of the blade. It is however, the easiest method to manufacture and
therefore also the cheapest. Whenever leakage only plays a marginal role this method is used.

SQUEALER TIP

Squealer tips are extensions to the flat tip in the radial direction, as can be seen in figure 2.8. They exist on the
pressure side, suction side or on the complete perimeter of the blade. Whether a squealer on the pressure side
only works better than one on the suction side only is debated in the literature, although there is consensus
that the complete squealer does have the best performance and that the performance is better compared to a
flat tip [24]. The squealer tip acts as a labyrinth seal on top of the blade, where the flow first sees a contraction,
expansion in the gap and then a contraction again. The benefits of the reduced mass flow rate outweigh the
additional entropy generation due to mixing losses.

Pressure 
Side

Suction
Side

Figure 2.7: Schematic of a flat tip as viewed from a side
cut.

Pressure 
Side

Suction
Side

Figure 2.8: Schematic of a squealer tip as viewed from a
side cut.

2.2.2. PARTIALLY SHROUDED
Partially shrouded turbines are turbines that incorporate an extension in the circumferential direction on top
of the blade but do not fully cover the blade chord length or connect to the other blades to make a continuous
ring. In this category, two types of configurations are found: winglets and thin shrouds.

WINGLETS

Figure 2.9 shows a schematic of a winglet tip configuration with extensions of the tip into the tangential
direction. They have been investigated on the pressure, suction and on both sides. They act as a physical
barrier for the flow to go from the pressure to the suction side. Coull et al. [25] mentions that efficiency gains
can be achieved when comparing winglets to flat tips.

THIN SHROUD

Thin shrouds are placed on top of the rotor blades all along the circumference, an example of such a con-
figuration is given in figure 2.10. However, in contrast to full shrouds they are only placed on the part where
the highest amount of leakage normally would occur, physically prohibiting a flow in this region. Their main
advantage is that they are lighter than the full shroud, which helps to reduce blade stresses, especially for
longer blades [5].
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Pressure 
Side

Suction
Side

Figure 2.9: Schematic of a winglet as viewed from a side
cut.

Figure 2.10: An example of a thin shroud on top of a
turbine, obtained from Porreca et al. [5].

2.2.3. SHROUDED

Shrouded turbines are turbines that have a ring on top of the blades. This means that the blades are connected
in the circumferential direction and cover the whole blade chord. There exist two types of configurations:
datum shrouds and sealed shrouds.

DATUM SHROUD

The datum shrouded turbine is a turbine that has a ring on top of its blades. The ring physically prevents the
fluid to flow from the pressure to the suction side, by creating a new flow path. The fluid now leaks from the
front of the blade over the ring to the aft of the blade. Figure 2.11 shows a schematic of how such a datum
shrouded turbine looks.

SEALED SHROUD

Apart from the datum shrouded turbine, which is just a ring placed on top of the rotor blades, seals have been
placed on top of the shroud. The most widely applied seal is a labyrinth seal however, honeycomb/holepattern
and more recently brush seals have also been applied. The ring prevents the flow physically from flowing from
the pressure side to the suction side, but a new leakage path is formed from the front of the rotor to the aft.
An example of a shrouded turbine sealed by several labyrinth seal configurations can be seen in figure 2.12.

Figure 2.11: Schematic of shrouded turbine sealed by
labyrinth seals

Figure 2.12: Schematic of shrouded turbine sealed by
labyrinth seals
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2.2.4. CHOSEN MITIGATION TECHNIQUE
Due to the small size of the turbine, most of the mitigation techniques become infeasible. For squealer tips
and winglets, it is believed that they would be so small that they would either break or they just simply cannot
be manufactured. The thin shroud solution poses a problem for to 3D printing of the turbine, as it would
require support material to support the shroud printed in the middle of the blade.

The options of the flat tip, datum shroud and sealed shroud thus remain. From these three options, it
is determined that the sealed shroud would have the most potential to reduce the clearance losses. It is
easily implemented on an already datum shrouded turbine and would most likely give the lowest leakage
rate, resulting in lower clearance losses.

2.3. ROTARY GAS SEALS
In the previous section, it is noted that the most promising method of reducing tip clearance in the small
turbine of Dawn Aerospace is applying seals on top of the shroud. The seals that can be used on top of a
turbine shroud are rotary gas seals. Rotary gas seals often compromise of non-contacting type of seals due
to the high friction resistance that would occur when two materials rub against each other at high velocity.
There exists a wide variety of seals that can be used in such applications. Seals are used to reduce/control
secondary leakages, the reduction of those leakages can result in efficiency gains for the overall machine.
The seals described above fall into the category of clearance seals, which have the problem that due to the
clearance there will always exist a certain amount of leakage. Flitney [26] mentions clearance seals can be
used for several reasons:

• Very low friction (none)

• High speed

• Absence of wear (maybe occasional rub contact during transients)

There exists a large variety of clearance seals. Since not all seals could be investigated in the limited
amount of time of this thesis, three different seals are chosen. These seals are chosen because they are widely
used, applicable to the turbine of Dawn Aerospace and are in line with current design trends. The seals to be
investigated are an annular seal, labyrinth seal and brush seal. A short description of the seals and how the
seal works is given for each seal in the sections below.

2.3.1. ANNULAR SEAL
An annular seal reduces leakage by ensuring a small clearance gap between the rotor and the stator. The gap
has to be large enough for the rotor to vibrate without touching the stationary outer casing. This often means
that the gap is larger than desired. The gas flows from the high pressure to the low pressure side through this
gap. A schematic of an annular seal can be seen in figure 2.13. "The leakage is a function of the seal geometry,
such as clearance, length, roughness and machine operating conditions such as the pressure differential and
rotor speed."[27].

Figure 2.13: Schematic drawing of an annular seal

2.3.2. LABYRINTH SEAL
A labyrinth seal uses fins to disturb the fluid to flow through the leakage path. The fins have a small clearance
with the shaft to minimize leakage flow, while still large enough to make sure no contact happens similarly to
the annular seal. It is used to limit the mass flow rate between two areas with different pressures [10]. Due to
the teeth, the flow is contracted and expanded at each fin reducing the pressure at each cavity. As the pressure
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drop is the driving mechanism behind the mass flow rate, this means that the leakage reduces [26]. Figure
2.14 shows a schematic of a labyrinth seal. There are multiple configurations possible for the labyrinth teeth,
such as interlocking, step and see-through. In this thesis, only a see-through configuration is considered, due
to its simplicity and coverage in literature.

Figure 2.14: Schematic drawing of a labyrinth seal

2.3.3. BRUSH SEAL

Brush seals are made of 2 rings, one in the front and one in the back, with bristles in the middle joint by a
weld. The bristles often touch the shaft in design condition, to minimize leakage. The backplate has a close
clearance with the shaft to support the bristles. Brush seals have been used in turbomachinery for quite a
while however, due to increasing research the applicability has been increased for both shaft and turbine
shroud sealing. The bristles are arranged to have an angle with the shaft in the circumferential direction,
which also means that the shaft can only rotate in one direction. The brush seals reduce leakage compared
to the labyrinth seals and also take up less space in the axial direction. The other benefit is that the brush
seal can deal with some shaft run-out better than other seals, as the bristles will not break, but rather buckle
with the shaft and deform back into position [26]. The flow has to find a path through the bristles, causing a
pressure drop and reduces leakage. There are several methods for the fluid to flow through the brush seal like
rivering [28]. Rivering is the phenomenon where most of the flow pushes through a certain gap in the brush
closing off the other near gaps by pushing the bristles together

Helm et al. [29] investigated the effect of brush seals on the upstream and downstream swirl flow. As
when reducing the swirl the leakage flow becomes more aligned with the rotor blade outlet flow angle, which
improves turbine performance due to reduced mixing losses. The preswirl tested ranges over 100 to 300 m/s,
common velocities in turbines. They found out that brush seals can reduce the incoming swirl up to 10% as
well as the ability from numerical codes which use porous medium models to match the experimental data
presented.

Figure 2.15: Schematic drawing of a brush seal taken from [6]
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2.4. STATE OF THE ART & THESIS MOTIVATION
There exists a vast amount of research on turbine design and performance calculations. The performance cal-
culations mainly date from the 1970-1980s, which uses empirical equations to predict efficiencies of turbines
in a preliminary design stage. Together with the meanline design method for turbines, Dawn Aerospace de-
veloped a tool that can design a turbine stage. This design tool is based on the loss model of Dunham&Came
and predicted that a major part of the turbine loss originates from clearances losses. A reduction of the clear-
ance loss was limited due to the way the tool was set up, providing little design freedom and clearance loss
mitigation.

While the loss methods did incorporate the use of a shrouded turbine and the application of fins on the
turbine, it does not incorporate any other seal. Honeycomb, hole pattern and brush seals are just some of the
seals that are being used more frequently in turbine shroud applications. In order to come to an optimum
design, it is important to know the effect of each of these seals on the overall performance of the turbine.
Several authors researched the effect of placing seals on top of the shroud. For example, Ma et al. [30] noted
that brush seal research in the past has focused on being applied to the shaft, but it was not investigated if it
also could reduce shroud leakage. They investigated the application of a brush seal on top of the shroud nu-
merically and confirmed that it can improve the efficiency of the turbine. Another noteworthy investigation
has been done by Yan et al. [31, 32] who investigated the honeycomb and hole pattern seal and the effects
on turbine performance compared to a labyrinth seal. Yan showed that honeycomb only had better sealing
performance than labyrinth seals when small clearances could be ensured and that honeycomb performed
better than hole pattern seals. However, little information is available in the literature on the preliminary
designs of seals for shrouded turbines.

In any engineering application, the designer strives to produce the optimal design for a given set of re-
quirements. As could be seen in chapter 1 a gain in vehicle performance can be made if the turbine efficiency
is improved. To reduce the cost of testing different designs, there is a need to generate a model that can assess
performance in an early stage of the design process. This way numerous possibilities can be explored with-
out all the costs of testing. Advanced numerical simulations, such as Computational Fluid Dynamics (CFD),
are already a huge advantage and are starting to replace a number of early tests in a development program.
The downside of such advanced models is that it takes an extensive amount of pre-knowledge to set-up the
simulations and they still take too much computational time to be used in the preliminary design of complex
systems. Therefore, a simpler model would be the preferred tool for the preliminary design.

2.5. RESEARCH GOALS AND RESEARCH QUESTIONS
In chapter 1 it was shown that the spaceplane of Dawn Aerospace would see an increase in performance
when the efficiency of the turbine is increased. It also mentioned that clearance losses of the turbine would
likely be large as the gap clearance is relatively large compared to the blade height. Section 2.2 showed that
the most promising technique to reduce clearance losses is to apply sealing methods to a shrouded turbine.
Thereafter, three candidate clearance seals for further investigation are covered in section 2.3. In section 2.4
it could be seen that seals used on top of the shroud are moving away from labyrinth seals to more elaborate
seals such as brush seals. In literature, no existing turbine loss model can be found that includes these new
seals or offers the modularity to include them into the existing clearance loss.

Seals are well investigated in literature and almost for every used seal there exist equations to calculate
the leakage through them. The loss model of Dunham&Came, used by Dawn Aerospace, does not accept
the leakage rate calculated with seal leakage equations as an input to predict turbine losses. That is why the
clearance loss of Denton is introduced in section 2.1.3. Based on these observations the following research
objective is formulated:

1. Research objective: To reduce clearance losses arising in small axial turbines by developing a model that
uses seal leakage calculations in combination with existing turbine loss models to predict clearance losses
for shrouded turbines whom incorporate seals.

To achieve the research objective a research question is formulated. The research question is subdivided
into multiple sub-questions. The research question is as follows:

Primary research question: To what extend can existing seal leakage calculation methods be used with
existing loss models to improve the prediction of turbine efficiency at a preliminary design stage?

To help to formulate an answer to this research questions the following sub-questions (SQ):

• SQ1: How can the seal leakage equation be combined with existing loss models?
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• SQ2: How accurate can seal leakage equations predict the amount of leakage flow through a shroud
seal configuration?

• SQ3: How accurate are the efficiency predictions of the combined seal leakage equation and existing
leakage models?

• SQ4: What is the best configuration for the small turbine of Dawn Aerospace in order to reduce leakage
rate through the shroud?





3
METHODOLOGY

Chapter 2 discussed the scientific context and theoretical bases of this thesis. It identified the gap in the
literature on the preliminary loss calculation for a shrouded turbine that uses new sealing systems. While
showing that the usage of seals on top of shrouds is a promising solution to reduce clearance losses. The
previous chapter also presented the objective of this thesis to investigate how seal leakage equations can be
combined with existing loss models to more accurately predict losses of shrouded turbines that make use of
a seal.

In this chapter, the steps taken to achieve the research objective are outlined. In the end, a model is de-
veloped utilizing seal leakage equations combined with the clearance loss model of Denton. It also discusses
how the new clearance model can be used by the meanline design program in order to generate new turbine
designs.

At first, a reference turbine similar to the turbine of Dawn Aerospace is discussed in section 3.1. In section
3.2 the seal leakage equations are discussed for the annular, labyrinth and brush seal respectively. This is fol-
lowed by the setup of numerical models in the commercial software ANSYS 19.2R for the seals in section 3.3.
The analytical and numerical models are both validated in section 3.4 while only the analytical models are
verified in section 3.4, because the commercial software is assumed to be verified already. Section 3.5 goes
into details of the development of the new shroud model. The chapter continues to explain the integration
of the model into the meanline design method in section 3.6. In section 3.7 the setup of the numerical model
for the turbine CFD is discussed for unshrouded and shrouded turbines. Section 3.8 presents the compari-
son between the loss model of Dunham&Came and the numerical model for an unshrouded and shrouded
turbine as a validation case.

3.1. REFERENCE TURBINE
The actual turbine of Dawn Aerospace is proprietary, therefore the development of the shroud leakage model
has been done on a reference turbine. The reference turbine is similar but uses slightly different design pa-
rameters compared to the actual turbine. The design parameters used for this turbine are given in table 3.1.
Throughout, this chapter whenever blade or turbine geometries are given it is of the reference turbine. It will
be used to indicate trends and to conceptually explain phenomena that are observed during this study. In the
table λ, ψ and φ are the duty coefficients and are the degree of reaction, stage loading coefficient and flow
coefficient, respectively.

3.2. SEAL ANALYTICAL LEAKAGE MODELS
To calculate leakage through seals several options are available. The first simple analytical equation was
developed already in 1908 for a labyrinth seal [33]. This equation needs geometrical inputs and pressures at
the inlet and the outlet of the seal to calculate the leakage. Later the development of the more sophisticated
bulk flow model (BFM) started to calculate rotordynamic behaviour of the seals. For this, the mass flow rate
was required and more detailed analytical equations, often iterative, were developed. In the recent decade,
with the rise of powerful computers, computational fluid dynamics (CFD) are more frequently used to analyse
leakage through seals. Even though CFD can be accurate, depending on the simplifications made, the time
it takes to set-up and run the simulation still limits the usefulness as a preliminary design tool. In this thesis

17
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Table 3.1: Reference turbine design parameters

Parameter Value [unit]
λ 0.39 [-]
ψ 3.4 [-]
φ 0.8 [-]
Design speed 76000 [rpm]
Aspect ratio 1 [-]
Zweifel number 0.8 [-]
mean radius 0.021 [m]
Inlet pressure 110 [bar]
Pressure ratio 1.16 [-]
Mass flow rate 2.0 [kg/s]

it is opted to utilise the BFM to predict the leakage rate through different seals, primarily because the BFM
uses more geometrical inputs making it more adjustable for a wider range of seals. In addition, it provides
intermittent pressures and the BFM can be extended to solve rotordynamic problems. It provides the user
with all these benefits while still being easy to use and not computationally demanding thus making them a
suitable tool for the preliminary design phase. In this chapter the development of the bulk flow models for
annular, labyrinth and brush seals will be discussed. Once the models are developed and verified they will be
validated against experimental data from the literature in 3.4.

The first bulk flow model was developed to solve a rotordynamic problem with the main engine turbo-
pumps of the space shuttle [34]. Rotordynamics is the study concerned with vibrations of rotating shafts,
these vibrations can become excessive when the rotor passes a certain critical speed. To calculate the rotor
dynamic coefficients introduced by seals, used to analyse rotor stability, a perturbation analysis was devel-
oped. This included a zeroth-order term, which calculates pressures and leakage at eccentric positions, and
a first-order term, which calculates the rotor dynamic coefficients when the shaft moves in an elliptical orbit
[7, 35].

The perturbation analysis is used to linearise the governing equations for a small motion around the cen-
tered position. Equation 3.1 shows an example of the perturbation variables on the non-dimensionalised
pressure, where p is the non-dimensional pressure and ε the perturbation parameter defined as the eccen-
tricity ratio e/Cr or distance of shaft from eccentric position over the nominal seal clearance [35, 36]. Because
this work is only concerned with leakage through the seals, the coded bulk flow models only incorporate the
zeroth-order solution.

p = p0 +εp1 (3.1)

The bulk flow model for the annular seal is discussed in 3.2.1. Section 3.2.2 goes into detail on an iterative
method for calculating leakage rates through labyrinth seals. The solution procedure for the brush seal is
discussed in 3.2.3.

3.2.1. ANNULAR SEAL
The bulk flow model chosen for an annular gas seal from the literature is the bulk flow model developed
by C.C. Nelson [7, 36]. The bulk flow model described by Nelson can be used for both straight and tapered
annular seals, with either smooth stators and rotors or rough ones (for example honeycomb stators and a
smooth rotor). Nelson makes use of Hir’s lubrication equations [37] to simulate the wall roughness. The
following paragraphs will elaborate on the solution procedure.

In order to solve the zeroth order the initial conditions denoted with the subscript 0 the variables p0,
ρ0, uz0 and uθ0 need to be determined, which are located at the seal inlet. Where p0 is the pressure, ρ0 is
the density of the gas, uz0 the axial velocity and uθ0 is the circumferential velocity. Nelson uses an iterative
procedure which begins by guessing an initial value for the Mach number, M0. Equation 3.2 and 3.3 can be
used to calculate the pressure and density respectively.

p0 = 1[
1+ (γ−1)(1+kl )M 2

0

] γ
γ−1

(3.2)
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ρ0 =

[
1+ (γ−1)M 2

0
2

]
[

1+ (γ−1)(1+kl )M 2
0

2

] γ
γ−1

(3.3)

In equations 3.2 and 3.3 γ is the specific heat ratio of the gas and kl is the entrance loss coefficient with
an initial guessed value of 0.1 as suggested by Nelson. With the initial density and pressure known the axial
velocity can be calculated (equation 3.5) as soon as the pressure coefficient Pc is calculated according to
equation 3.4. The subscript a is used as an indication for the user specified boundary conditions.

Pc = Pa

(Rω)2ρa
(3.4)

uz0 =
√

M 2
0γp0Pc

ρ0
(3.5)

Where in equation 3.4 Pa is the reservoir pressure, ρa the density of the gas at the reservoir, R the radius
andω is the rotational speed of the rotor. With p0, ρ0, uz0 and C the axial Reynolds number can be calculated
(equation 3.6). C is the nominal clearance of the annular seal with respect to the inlet and exit clearance,
(Cin −Cout)/2. The µ in the denominator is the viscosity of the working fluid.

Rea0 = 2ρ0uz0(Rω)C

µ
(3.6)

With the Reynolds number a new approximation is made for the entrance loss coefficient, which can be
seen in equation 3.7.

kl =
√

5.3

l og10(Rea0)
−1 (3.7)

For a single guess Mach number, the entrance loss coefficient is repeatedly calculated until the difference
between kl for consecutive runs is lower than a convergence limit, set by the designer. When the Reynolds
number reaches 200000 kl is set to 0. Together with the user-specified preswirl ratio (uθ0) all initial conditions
are known and the solution procedure for the zeroth-order governing equations can be started.

The zeroth-order governing equations for a tapered annular seal as derived by Nelson are given in equa-
tion 3.8 to equation 3.11 and consist of the continuity, momentum and energy equations. In the equations
z is the dimensionless seal coordinate in the axial direction and l is the dimensionless seal length defined as
the seal length over the shaft radius.

ρ0uz0
∂h0

∂z
+ρ0h0

∂uz0

∂z
+uz0h0

∂ρ0

∂z
= 0 (3.8)

− Pc

ρ0l

∂p0

∂z
= uz0

ch0
[ fs0 + fr0]+ uz0

l

∂uz0

∂z
(3.9)

0 = 1

ch0
[uθ0 fs0 + (uθ0 −1) fr0]+ uz0

l

∂uθ0

∂z
(3.10)

0 = uθ0
∂uθ0

∂z
+uz0

∂uz0

∂z
+ Pcγ

ρ0(γ−1)

(∂p0

∂z
− p0

ρ0

∂ρ0

∂z

)
+ l (uθ0 −1) fr0

ch0uz0
(3.11)

Equation 3.10 makes use of the friction coefficient for the rotor, fr0 and for the stator fs0, which can be
calculated using equation 3.13 and eqution 3.12 respectively. The coefficients ns, ms and nr, mr are coeffi-
cients for Hirs’ turbulent lubrication equations on the stator and rotor respectively. They are a measure for
the roughness of the surface.

fs0 = ns

2

(
u2
θ0 +u2

z0

) ms+1
2

(2Reco)ms (3.12)
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fr0 = nr

2
[(uθ0 −1)2 +u2

z0]
mr+1

2 (2Reco)mr (3.13)

In literature several authors give deviating values for Hir’s lubricant coefficients for a smooth surface. The
table 3.2 below gives the exact values found for smooth surfaces in the literature, this results in −0.25 ≤ m ≤
−0.1691 and 0.0396 ≤ n ≤ 0.066.

Table 3.2: Lubrication coefficient for smooth surface

source n m
Nelson [7] 0.03976 -0.1691
Childs [38] 0.066 -0.25
Dawson [9] 0.0586 -0.2170

The governing equations are numerically integrated in the axial direction with the Euler integration method.
The Euler integration method solves partial differential equations by taking the previous value and adding the
derivative of that equation divided by the number of steps specified by the designer, this is mathematically
expressed in equation 3.14.

yn = yn−1 + 1

N −1
y ′

n−1 (3.14)

At the current state, there are 4 equations and 5 unknowns, but ∂h0
∂z is a simple linear function when taper

is applied and zero if the seal is straight. When taper is applied this equation can easily be calculated before
the governing equations making it 4 equations and 4 unknowns. The four equations that are solved are:
pressure, density, axial flow velocity and circumferential flow velocity. As the partial differential equations
are dependent on each other they are solved in matrix form, the matrix can be seen in appendix A. After
integrating the governing equations a check is done whether the pressure calculated at the outlet is within
a convergence limit of the pressure specified by the designer as a boundary condition at the outlet. If the
calculated pressure is higher than the boundary condition the Mach number is increased and if the calculated
pressure is lower the Mach number is decreased. This is continued until the pressure boundary condition is
reached. Or the exit Mach number reaches 1 and the pressure ratio of the calculated pressure at the outlet
and specified pressure at the outlet is higher than the critical pressure ratio.

To calculate the mass flow through the seal the area of the seal outlet is used in combination with the
density and calculated velocity as described in equation 3.15.

ṁ = ρAuz0 (3.15)

3.2.2. LABYRINTH SEAL
There are several methods to calculate leakage through a labyrinth seal. A widely used model is the bulk
flow model described by Childs [35]. The model by Childs makes use of an iterative method to calculate the
leakage, which is computationally expensive compared to analytical approaches which do not iterate.

The bulk flow model used for labyrinth seals in this thesis is described by Childs [35]. His methods is a
one control volume approach that uses a leakage model. The zeroth-order leakage through a see-through
labyrinth seal is described by equation 3.16, and the leakage equation Childs suggests from Neumann [39] is
calculated with equation 3.17 and is iteratively solved for each cavity. In the equation ṁ is the mass flow rate
and i is the chamber of the seal.

ṁi+1 = ṁi = ṁ0 (3.16)

ṁi =µ1iµ2 A

√
P 2

i −P 2
i+1

RT
(3.17)

Where µ1 is the kinetic energy carry-over coefficient (KE) and µ2 is the flow coefficient. Childs suggest
using the equation defined by Neumann [39] for flow through an orifice for µ1 and the equation described by
Chaplygin forµ2. The equations can be found in table 3.3 and table 3.4 forµ1i andµ2 respectively. What com-
bination of these coefficients can be best used in the leakage equation has to be proven during the validation
in Chapter 3.4.
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Table 3.3: Kinetic energy carry-over coefficient equations found in literate.

Source equation parameter

Hodkinson µ1i =
√

1

1−( N T−1
N T

)( Cr /L
(Cr /L)+0.02

) -

Vermes µ1i =
√

1
(1−αi ) αi = 8.52

L
Cr +7.23

Kurohashi µ1i =
√

1
1−2αi+α2

i
αi = (Cr /L)

(Cr /L)µ2+t an(θ)

Neumann µ1i =
√

N T
(1−αi )N T+αi

αi = 1− (1+16.6Cr /L)−2

Table 3.4: Flow coefficient equations or constants found in literature.

Source Equation Parameter

Chaplygin µ2 = π
π+2−5si+2s2

i
si =

(
Pi

Pi+1‘

) γ−1
γ −1

Eser µ2 = 0.716 -

To clarify all variables from table 3.3 and table 3.4, figure 3.1 and figure 3.2 are used. Figure 3.1 shows the
control volume approach followed by Childs. It shows the location of mi and that Pi in equation 3.17 is the
pressure in the current gap while Pi+1 is the pressure at the next gap. In figure 3.2 r is the rotor radius used
in combination with Cr, the clearance, to calculate the ring area between the fin and the wall on the other
component. L is the spacing between the consecutive fins in the labyrinth seal and θ, the angle at which the
flow underneath the tooth expands into the next cavity. NT used in the equations represents the number of
fins used in the labyrinth seal.

mi mi+1

Rotor

Stator

Pi-1 Pi Pi+1

Figure 3.1: Control volume of the Childs BFM model.

Rotor

Stator

θ

Cr

L

r

Figure 3.2: Labyrinth seal with BFM input parameters indicated.

In order to solve the bulk flow model the approach by Eldin [10] is followed, which iterates upon the
leakage rate until the outlet pressure boundary condition is satisfied. The procedure starts with assuming a
linear pressure drop for each cavity. Those pressures are used with equation 3.17 to calculate the mass flow
rate for each cavity. From those values the minimum leakage is chosen as the initial guess to solve the bulk
flow model.

With the guess mass flow rate and the user-specified inlet pressure (Pi ) the pressure in the next cavity
(Pi+1) can be calculated. However, it is near to impossible to manipulate equation 3.17 in such a way that the
pressure at the next cavity is of explicit form. In order to solve this, an error function is made, such that the
mass flow rate and known pressure can be filled in and a pressure guess for the next cavity can be iterated
upon until the value is close to zero. This is continued until the pressure at the exit is calculated and compared
to the boundary condition value. If the calculated pressure is higher than the boundary condition the mass
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flow rate is increased and when it is lower the mass flow rate is decreased until convergence is reached.

ferror = ṁ2 −
µ1iµ2 A

√
P 2

i −P 2
i+1

RT

 (3.18)

However, when the flow through the seal is choked Fliegner’s equation 3.19 is used to calculate the mass
flow rate, which assumes the pressure in the last cavity (PNC ) to be equal to the critical pressure for choking.

ṁ = 0.510µ2p
RT

PNC A (3.19)

ṁ = APinp
RT

√√√√√√ 1−
(

Pout
Pin

)2

N T − ln
(

Pout
Pin

) (3.20)

3.2.3. BRUSH SEAL
Brush seals comprise of a series of bristles in a housing which rubs on the shaft. The housing of the bristles
has a close clearance with the shaft to support the bristles. The flow needs to find a path through the bristles,
which makes it harder for a gas to flow through it. The most popular method to calculate leakage through a
brush seal is the porous medium method and is described below.

The porous medium model described here is discussed by Chew et al. [6]. The name derives from the fact
that this paper assumes that the bristle pack can be modelled as a porous medium. A fluid flow through a
porous medium can be simulated with resistance laws, see equation 3.21. Where a and b are the inertial and
viscous resistance coefficients respectively. Furthermore, p is the pressure, z is the axial distance and U is the
velocity of the fluid flow.

− d p

d z
= aµU +bρU 2 (3.21)

To calculate the resistance coefficients Chew first calculates the porosity of the seal, which according to
Neef et al. [40] can be described as equation 3.22. Vsol i d is the volume taken up by the bristles and V is the
total volume of the porous region. It can be written with the geometrical parameters according to equation
3.23. Where d is the bristle diameter, N is the bristle density in bristles per meter, l the axial length of the
brush seal and φ the lay angle of the bristles with the shaft.

ε= 1− Vsolid

V
(3.22)

ε= 1− πd 2N

4l sin(φ)
(3.23)

According to Chew a and b can be calculated as in equation 3.24 and equation 3.25. In the equationα and
β are empirically determined constants, ε is the porosity as calculated in equation 3.23 and d is the bristle
diameter.

a =α80(1−ε)2

d 2ε3 (3.24)

b = β

2

1−ε
dε3 (3.25)

For α and β Chew suggests α= 1 and β= 2.32, whom are empirically determined by Kay and Nedderman
[41]. However, a range for those values exists in literature and are often adjusted to calibrate the model on the
experimental data. For completeness additional values from literature are given in table 3.5.

After integration equation 3.21 can be written as equation 3.26, where L is the length of the brush seal
and ∆P is the pressure drop over the seal. With inlet and outlet pressure know, there can be iterated over
the velocity until the pressure drop is equal to that of the boundary conditions. The velocity can be used in
combination with the mass flow rate equation 3.15 to obtain the mass flow rate through the seal.

∆P

L
= aµU +bρU 2 (3.26)
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Table 3.5: Values for α and β found in literature

source α β

Chew [6]
(Kay & Nedderman)

1 2.32

Axstream 0.7075 1.42
Pugachev (Proster) [14] 1 2.32
Neef [40] 0.83375 2.34
Ergun [42] 1.875 3.5

3.3. SEAL NUMERICAL LEAKAGE MODELS
In this section both the development of 2-dimensional and 3-dimensional numerical models will be de-
scribed. The development of the 2D seal is used as a stepping stone to the 3D numerical model, it also
provides insight if a reduced-order approach would work for seal design. The development of the numer-
ical model of the seal as a standalone provides confidence about the development of a numerical model on
top of the shroud at a later stage. The CFD program ANSYS R19 is used for all numerical simulations.

Numerical models need fewer assumptions than empirical correlations as they take into account all geo-
metrical parameters and resolve the flow field in 2D or even 3D. If modelled correctly the numerical model is
expected to give results close to experimental data. This means that a good and detailed numerical model can
be used to validate the analytical models. Section 3.3.1 discusses the boundary conditions and other param-
eters for the CFD-setup. The sections 3.3.2, 3.3.3 and 3.3.4 describe the setup of the annular, labyrinth and
brush seal respectively. The final section, section 3.3.5 highlights the mesh sensitivity study for each modeled
seal.

3.3.1. MODEL PARAMETERS
Basic settings for the numerical simulation which are used throughout all seal designs, for instance bound-
ary conditions, are presented here to avoid repetition. The working fluid in most of the seals is air and is
modelled as an ideal gas. Surface roughness is not taken into account as it was often not specified in the
validation data, thus walls are set to smooth with the no slip condition. At the inlet of the seal total pressure
and total temperature boundary conditions are used while a static pressure boundary is used for the outlet.
These boundary conditions are chosen as they are known to be robust. The simulations performed are of a
steady-state nature, which means that they can be simulated with the Reynolds Average Navier Stokes (RANS)
equation. The k-omega Stress transport (k-ω SST) model of Menter [43] is used as a turbulence model. This
model can cope with adverse pressure gradients and is often used in turbine design as will be explained in
chapter 3.7. An overview of the most important parameters can be found in table 3.6.

Table 3.6: Boundary conditions used in the seal numerical models

Boundary Condition Setting

Inlet Total Pressure, Total Temperature
Outlet Static Pressure
Energy Equation Total Energy
Walls No slip, smooth walls
Turbulence model k-ω SST
Calculation scheme High resolution

3.3.2. ANNULAR SEAL
The annular seal is a relatively simple and low-cost seal, where a small clearance between a stator and a rotor
allows a leakage flow through the seal. The construction of the 2D and 3D numerical model are very similar
to each other as a 2D case can be rotated around the z-axis, which is also the rotational axis.

The 2D numerical model cannot deal with the rotational velocity of the wall in the actual annular seal, as
this would make the simulation three dimensional. This does mean that the influence of the rotational speed,
which is more significant for annular seals than for other seals, is not taken into account for the 2D case. Due
to the simple geometry of the seal the mesh has been created directly in ICEM. To ensure that the y+ is lower
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than one, exponential growth has been applied along the height of the seal. Figure 3.3 shows the mesh at the
inlet of the seal, which is continued along the length of the seal.

�0� �0��.��0��0��1�� ��(��m��)�Figure 3.3: A zoomed in view of the mesh of the annular seal.

3.3.3. LABYRINTH SEAL

The labyrinth seal is a sealing method that makes use of several fins to hold a tight gap between the stationary
and rotating wall. The subsequent larger gaps cause an expansion of the fluid, which dissipates mechanical
energy causing a total pressure drop. The multiple smaller pressure drops result in less of a driving mecha-
nism for the fluid to flow from the high pressure zone in front of the seal to the low pressure zone at the aft of
the seal.

The 2D case takes into account all geometric parameters (except curvature), including fin thickness and
cavity depth who are omitted in the BFM. For the case of the labyrinth seals the mesh will be a bit more
complicated, as cavities and sharp corners are present. Again, the 2D case neglects the rotational velocity of
the rotor.

To mesh the fluid domain ICEM is used, to properly mesh the labyrinth and each cavity the mesh is di-
vided into several blocks. Figure 3.4 shows where the mesh is cut into separate blocks and 5 distinct positions
are present. The first block in figure 3.4 is part of the inlet and outlet section at the radial height of the fin, it
is cut with block 2 such that a fine mesh near the walls underneath the fins can be realised. Block 3 is created
underneath the fin such that the mesh can be refined on either side of the fin in blocks 1, 2, 3 and 5. Block 5 is
again copied, and thus also block 4, to ensure that the mesh near the walls underneath the fin can be refined.
The mesher automatically connects the nodes at the borders of each block to align with each other.

1 1

2 2

5 5

3 3 34 4

Figure 3.4: Schematic of the labyrinth seal on where the different blocks are located.
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The total mesh looks like figure 3.5 and close attention is paid to the sharp corners for which figure 3.6
shows a zoomed-in version. The mesh near the walls is small enough to ensure that the y+ value is lower than
1.

Figure 3.5: An example mesh used for the labyrinth seal cases.

Figure 3.6: Zoomed in version of the example mesh around the fin corners.

3.3.4. BRUSH SEAL
Brush seals in CFD can be modelled in two ways: modeling the individual bristles or using the porous medium
approach. The first approach includes all physical effects that can be seen in a brush seal, it would need to be
coupled to a mechanical solver to calculate bristle deflections. This requires very large mesh sizes and com-
putational power. The latter option uses a similar approach as the analytical leakage model does in section
3.2.3, where it replaces the bristle pack with a porous medium. This method is less universal as it relies to
some extent on calibration with experimental data, although some empirical relations give good estimates
on the viscous (a) and inertial (b) resistance coefficients as used in equation 3.21 [40]. Neef et al. [40] men-
tion that when the porous medium approach is correctly set up and good estimates for a and b are used, the
porous medium approach provides sound results for the leakage through a brush seal.

The geometry of the brush seal is dictated by the papers to which the CFD will be validated. Important
geometrical parameters for the brush seal are the rotor diameter, size of the front and aft backing ring and
bristle thickness. The parameters are indicated in figure 3.7 with Dr, Dfbr, Dabr and L respectively. The figure
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also shows that the fluid domain is split into 3 different sections, 1) the volume underneath the front backing
ring, 2) the porous medium domain replacing the bristle pack and 3) the volume underneath the aft backing
ring. Gresham [44] found that when analysing leakage rate through a brush seal it is enough to only model
the three parts of the brush seal described above, reducing the number of nodes necessary. Thus for the
validation of the brush seal CFD only the area under the brush seal is modelled.

DrDfbr Dabr

L

1 2 3

Figure 3.7: Schematic of the brush seal with important parameters. 2) denotes the porous medium region in the CFD model.

Figure 3.8 shows the numerical model for the brush seal tested by Carlile [12]. The mesh in figure 3.8 is
fine near the walls and near sharp corners in order to deal with boundary layers and separation to keep the
y+ lower than 1.

Figure 3.8: Mesh used for Carlile brush seal.

In this thesis the porous medium approach is used to model the bristle pack in brush seals, as it is shown
to be suitable by earlier authors, it is simple to set up and computationally less demanding than the full bristle
simulation. In CFX one can assign the bristle pack as a porous medium and input porosity and the resistance
coefficients. These resistance coefficients work in a similar way the coefficients work in the one dimensional
model of Chew, although CFD uses them in all directions. Pugachev [14, 45] gives a clear overview of how to
model the brush seal in CFD and shows that when the right coefficients are used the results are in agreement
with experimental data. Several authors, of which most noteworthy Pugachev and Ergun, have investigated
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the usage of the porous medium model in CFD to calculate leakage rates. They concluded that the porous
medium model can be used, but proper calibration is necessary. The calibration of the model can be done
either by tweaking the brush seal thickness (Pugachev mainly focuses on this) or by finding the inertial and
resistance coefficient which best fits the CFD data to the experimental data. The following paragraph takes a
look at both methods.

To find the brush thickness Pugachev uses equation 3.27 to calculate the theoretical minimum thickness
of the brush seal in combination with the actual thickness of the brush seal in an unused state. In the equa-
tion d is the bristle diameter, N is the brush density in the circumferential direction and φ the lay angle of
the bristles with the shaft. The calibrated value of the brush thickness lies somewhere in between the two
thickness values and gives good agreement with experimental data.

bmi n
b = d +

p
3d

2

(
d N

cosφ
−1

)
(3.27)

Another option is using the inertial and viscous resistance coefficient that best matched the experimental
data from the literature. Tweaking the model at this stage to match literature exactly would prove of little to
no use when a different brush seal would be placed on top of the actual turbine, which might have differ-
ent resistance coefficients. Instead matching the trend line and giving reasonable agreement is much more
important. To do this Pugachev and Ergun both provide empirically relations to calculate a and b. They
propose different values for α and β, but also differ in their views of using anisotropic coefficients, that is
different α and β being used in different directions. Pugachev uses different coefficients depending on the
direction, while Ergun uses the same coefficients for all directions. To calculate the coefficients in all direc-
tions equations 3.28 and 3.29 can be used, where the subscript k denotes the direction in axial, radial and
circumferential. Pugachev suggests the value of 1, 0.4ε (porosity) and 1 for α respectively and uses 2.32, 0,
2.32 for β [14], see table 3.7 for a clearer overview. Ergun [42] uses 1.875 for α and 3.5 for β.

ak = 80αk
(1−ε)2

ε3d 2 (3.28)

bk = βk

2

1−ε
ε3d

(3.29)

Table 3.7: α and β in the axial, radial and circumferential direction as specified by Pugachev [14].

α (Pugachev) β (Pugachev) α (Ergun) β (Ergun)
axial 1 2.32 1.875 3.5
radial 0.4ε 0 1.875 3.5
circumferential 2.32 2.32 1.875 3.5

However, to be able to compare the CFD cases with the analytical model it was opted to use the brush
thickness specified in the validation data and not tweak the brush thickness here. This means that the inertial
and viscous resistance coefficients of Pugachev and Ergun will be used as explained above. The validation in
chapter 3.4 determines which of the two will be used.

3.3.5. MESH SENSITIVITY STUDY
In order to make sure that the solution of the CFD simulation are mesh independent and no unnecessarily
large mesh is used, a mesh sensitivity study is performed. The mesh sensitivity study is done for all seal
numerical models in the same manner. First, the mesh is made mesh independent for the 2D case, where
special attention is paid to corners and the mesh near walls, making sure that y+< 1. For the 3D case, the 2D
mesh is chosen that was first mesh independent and the number of nodes in the circumferential direction is
increased, until it again becomes mesh independent. In each respective section, a plot of the mesh sensitivity
study is presented to show at what point the solution becomes mesh independent for both the 2D and 3D
case.

ANNULAR SEAL

The 2D mesh sensitivity study for the annular seal can be seen in figure 3.9, as stated above it was ensured
that the y+ of all cases was kept below 1. The figure shows the total number of nodes on the x-axis and
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the mass flow rate calculated by CFD on the y-axis. This solution is deemed mesh independent when the
total mesh size reached 12000 nodes, 60 in the y-direction (set to bi-exponential) and 200 in the x-direction
(bi-geometric). This mesh will be used for the mesh sensitivity study on the 3D case, where the nodes are
changed only in the circumferential direction. From figure 3.10 it can be seen that the mesh becomes mesh
independent when 20 nodes in the circumferential direction are used, resulting in a total amount of nodes of
240000.
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Figure 3.9: Results of the mesh sensitivity study of the 2D annular
seal case, all y+ values are kept below 1.
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Figure 3.10: Results of the mesh sensitivity study of the 3D annular
seal case, all y+ values are kept below 1.

LABYRINTH SEAL

The mesh sensitivity for the labyrinth seal is performed on Gamal A1, this labyrinth seal has 2 fins thus 1 cavity
section. Whenever labyrinth seals with more fins are simulated their cavities are set with the same number of
nodes. Figure 3.11 shows the mass flow rate calculated by the 2D CFD as a function of the number of nodes
used. It can be seen that the mesh does not influence the leakage rate much after approximately 11000 nodes
however, still some variation can be seen at a higher number of nodes. To be certain that the mesh would
play no/minor role in the solution the mesh of 28698 nodes is chosen. This mesh used a 60x60 node block for
the cavity section (block 5 in figure 3.4) and a 30x30 nodes for the mesh block under the fins (block 3).

Figure 3.12 shows the predicted CFD leakage rate for nodes of the 3D case with the labyrinth seal. Again,
the 2D mesh that is determined to be mesh independent is chosen and the nodes in the circumferential di-
rection are increased. Due to the already relatively large number of nodes needed for the 2D case the 3D case
is only rotated to 1/8th of a circle. The total number of nodes needed for the 3D case to be mesh independent
is 475156, which boils down to 15 nodes needed in the circumferential direction.
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Figure 3.11: Results of the mesh sensitivity study of the 2D rush
seal case, all y+ values are kept below 1.
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Figure 3.12: Results of the mesh sensitivity study of the 3D brush
seal case, all y+ values are kept below 1.
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BRUSH SEAL

The brush seal mesh sensitivity analysis is executed on the brush seal investigated by Bayley. Figure 3.13
shows the leakage rate calculated by CFD as a function of the number of nodes used in the simulation for
the 2D case. It shows that 6801 nodes are needed for a mesh independent solution. Figure 3.14 shows the
mesh sensitivity performed for the 3D case, which consisted of a quarter circle with periodic boundary con-
ditions. It uses the chosen mesh from the 2D case and the number of nodes in the circumferential direction
is increased. After 147126 the solution becomes mesh independent, which means that 20 nodes are needed
in the circumferential direction.
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Figure 3.13: Results of the mesh sensitivity study of the 2D brush
seal case, all y+ values are kept below 1.
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Figure 3.14: Results of the mesh sensitivity study of the 3D brush
seal case, all y+ values are kept below 1.

3.4. LEAKAGE MODELS VERIFICATION AND VALIDATION
Before the previously presented numerical seal models and bulk flow models can be used, it is important to
validate them with experimental data. The experimental data used here to validate the numerical models
is taken from extensive test campaigns documented in the literature. The data contained all the necessary
information needed to appropriately model the seals. It is also of importance to verify the coded bulk flow
models. The state of computational fluid dynamics has been widely accepted to be sufficient to give detailed
information on the flow behaviour of a multitude of fluid dynamic problems, including seal design, so no
verification of the CFD program is presented.

Section 3.4.1 presents the verification and validation of the annular seal for both the smooth stator and
rotor case and the roughened (honeycomb) stator and smooth rotor case for the BFM. The CFD of the annular
seal is only done in the smooth stator and rotor case, as the rougehned stator and smooth rotor case is very
time-consuming. In section 3.4.2 the BFM and CFD results are discussed for the labyrinth seal, where the
validation is done on seals investigated by Eldin [10]. The brush seal model validation for both BFM and CFD
is done in section 3.4.3, which also includes the verification of the coded BFM.

3.4.1. ANNULAR SEAL
As explained above, first the validation is done only for the BFM. Later the validation of both the BFM and
numerical model is done.

VERIFICATION

The bulk flow model of the annular seal written during this thesis is verified against the model outputs pre-
sented by Nelson [7]. Nelson used his developed model to investigate the effect of the taper ratio on an
annular seal. The clearance at the exit is kept constant at 0.2540, the inlet and outlet pressures used are 34
Mpa and 26.4 Mpa respectively. The rotor had a radius of 7.282 mm and the length of the seal was 2.527 mm.
Figure 3.15 shows the leakage rate calculate by the model of the author and the values presented by Nelson
against the taper ratio. It can be seen that some discrepancy between the two models exists. The discrepan-
cies can be explained by various reasons, i.e. Nelson does not mention what integration method he uses to
solve the equations nor does he mention what convergence criteria were used. Nevertheless, the close com-
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parison and the exact same trend being followed give confidence that the model is implemented correctly by
the author.
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Figure 3.15: Verification of the model created by the author of this thesis, compared against the model outputs of Nelson [7]. The mass
flow rate is plotted against the taper ratio

VALIDATION

In addition to the data Nelson [8] used to validate his bulk flow model, experimental leakage data of Dawson
[9] is used. It has to be noted that Dawson only gives the leakage for a honeycomb stator, although he also
investigates the smooth stator rotor combination. Fortunately, he provides the friction coefficients needed
for the honeycomb stator, such that his data can be compared with Nelson’s BFM. Honeycomb stators are
much more elaborate to model in CFD and since they are outside of the scope of this thesis, no CFD model
has been made for the experiments presented by Dawson.

Figure 3.16 shows the comparison between experimental data of an annular seal obtained by Nelson et
al. [8] and predictions of the developed annular seal bulk flow model. The annular seal has an inner radius of
76.2 mm, a length of 50.8 mm and an inlet and outlet clearance of 0.7366 mm and is thus straight. The working
fluid used in the test is air at 305 K, the inlet pressure is varied from 1.7 to 5.3 bar and the exit pressure is kept
at 1 bar. The rotational speed of the shaft is 8000 rotations per minute. In figure 3.16 the leakage mass flow
rate is plotted versus the pressure ratio of the seal, which is the ratio between inlet and outlet pressure. It
can be seen that the bulk flow model follows a linear trend as the pressure ratio increases, this is in agreement
with the experimental data. However, the bulk flow model under predicts the mass flow rate and the deviation
increases with pressure ratio.

The 2D and 3D CFD results are also presented in figure 3.16, so a comparison between BFM, CFD and
experimental data becomes possible. It can be seen that 2D and 3D CFD both follow a similar linear trend.
The average deviation in mass flow rate between the 2D and 3D CFD case is 1.2%, where the 2D case predicts
the higher mass flow rate. When comparing CFD to the experimental data a deviation from the upwards curve
can be seen. Compared to the experimental data there is an agreement in linear trend for the pressure ratio
up to 4. At the higher pressure ratios the experimental data trend curves upwards, as noted above. The CFD
overpredicts the mass flow rate through the annular seal.
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Figure 3.16: Comparison between experimental data,CFD and BFM for the annular seal presented by Nelson [8]

The average error between the BFM and experimental data is 14.5%, although some large differences
exist at higher pressure ratios. At a pressure ratio of 1.7 the error is 11.8%, while at a pressure ratio of 5.3
the difference is 23.1%. For the development of a preliminary design tool an average error of 15% is deemed
satisfactory. For CFD the average error compared to the experimental data is 26%, here again there exist large
differences in the error varying with pressure ratio. At the lowest pressure ratio of 1.7 the deviation is 44.7%,
while at a pressure ratio of 5.3 the error is 1.7%. A reason why the CFD cases have a larger error might be that
the walls of the seals are set to smooth in the setup of the numerical model.

Comparing the leakage rate through the seal of the sophisticated numerical model and the bulk flow
model, it is satisfactory to see that both predict a linear trend. The difference in the absolute values is sub-
stantial, where CFD predicts more than a 50% higher mass flow rate than the BFM at the lower pressure ratio,
but is of less importance than the trend.

As mentioned in section 3.2.1 the bulk flow model for the annular seal uses empirically determined values
to predict the effect of roughness on the leakage flow. The values used in the above comparison are given by
the author who did the experiments and it might be for that reason that the BFM predicts the leakage rate of
the annular seal to this extent. For the coefficients it holds that the higher the value, the rougher the surface
is. With a rougher surface the leakage will reduce due to larger boundary layers. This is also a reason why
annular seal surfaces get artificially roughened by using honeycomb and hole pattern seals for instance.

In figure 3.17, figure 3.18 and figure 3.19 experimental data obtained by Dawson [9] on an annular seal is
compared to the predicted values from Nelson his bulk flow model for annular seals. In the figures the leakage
mass flow rate through the seal is plotted against the pressure ratio, each plot represents a different rotational
speed and the different coloured lines indicate different inlet pressures. The seal investigated by Dawson has
an inner radius of 57.15 mm, a length of 85.7 mm and an inlet and outlet clearance of 0.19 mm. The working
fluid through the seal is air at a temperature of 302 K, the inlet pressures used are 6.9 (red line), 12.1 (blue
line) and 17.1 bar (black line) and the outlet pressures are 40% and 50% of the inlet pressures. The lubrication
coefficients presented by Dawson are n = 0.0586 and m = −0.2170 for the smooth rotor and n = 0.0785 and
m =−0.1101 for the honeycomb stator. It can be seen that the model overpredicts leakage in all cases, but the
flow rate increase for increasing pressure ratio is covered by the BFM.
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Figure 3.17: Comparison between annular
bulk flow model and experimental test data
performed by Dawson [9] on a honeycomb

stator seal, at 10200 rpm
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Figure 3.18: Comparison between annular
bulk flow model and experimental test data
performed by Dawson [9] on a honeycomb

stator seal, at 15200 rpm
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Figure 3.19: Comparison between annular
bulk flow model and experimental test data
performed by Dawson [9] on a honeycomb

stator seal, at 20200 rpm

The error occurring at a pressure ratio of 2 is around 6% for all cases and at a pressure ratio of 2.5 increases
to 10%. Although honeycomb seals are not discussed further in this thesis, these graphs show that when
appropriate friction coefficients are used several types of annular seals can be modelled.

3.4.2. LABYRINTH SEAL

First the verification of the BFM for the labyrinth seal will be given, followed by the validation of the BFM and
numerical model against experimental data.

VERIFICATION

The verification of the labyrinth seal is done on the results of Eldin [10] his implementation of Childs leakage
model. The inputs used are an inner radius of 50.9 mm and a radial fin clearance of 0.1016 mm with the
rotor. The labyrinth seal has 6 fins all spaced 3.2 mm apart from each other. In his model he used the leakage
equation of Neumann, the kinetic energy carry over coefficient of Vermes and no flow coefficient. Figure
3.20 shows the leakage rate in kg/s against the pressure ratios over the seal. It can be seen that the model
constructed in this thesis closely matches that of the model of Eldin. The small variation that arises can be
attributed to the fact that the values from Eldin are read from a graph, it might also be possible a difference
in convergence is a cause of the slight error.
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Figure 3.20: Verification of the labyrinth seal BFM coded by the author compared against the BFM developed by Eldin [10].
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VALIDATION

The BFM for the labyrinth seal will be validated against experimental data presented by Eldin [10], who inves-
tigated several labyrinth seal configuration and compared them to his own bulk flow model. Eldin proposes
to use the equation of Vermes as the Kinetic energy carry over coefficient and no equation, thus 1, for the flow
coefficient. In addition to the data presented by Eldin, experimental data of Picardo et al. [46] will be used
to validate the developed BFM. Picardo et al. [46] investigated large labyrinth seals with up to 20 teeth, for
pressures up to 70 bar.

Figure 3.21 shows the comparison of the BFM with several combinations of CE and KE coefficients, no-
tated as Childs and Eldin, and analytical equations, Martin and Hodkins, compared to experimental data of
seal set A1 of Eldin. Seal set A has an inner radius of 50.95 mm and a radial fin clearance of 0.1524 mm. The
1 after the A means that 2 fins are used in this experiment and the spacing between the fins is 6.2 mm. The
working fluid through the seal is air at 293 K, the inlet pressure ranges from 1.5 to 6.9 bar and the outlet pres-
sure is taken constant at 1 bar. The leakage mass flow rate in kg/s is plotted against the pressure ratio over
the seal in the figure. All models predict linear trends, albeit with different slopes. This clearly indicates that
there is a need to establish which model is a suitable one to use.
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Figure 3.21: Place holder for: Comparison between experimental data and analytical equations (including BFMs with different KE and
CF coefficients

In appendix B a comparison is made for all possible coefficient combinations implemented in the BFM
to a wide set of labyrinth seal experimental leakage data. From the analysis, the low pressure seal A tested by
Eldin was best predicted when only the leakage equation of Neumann was used, however for seal B the best
combination would be a flow coefficient of Chaplygin in combination with the leakage equation of Neumann.
Several authors, including Eldin, note that the KE or CF coefficient might be dependent on another flow
metric. There has been some investigation into using the Reynolds number [47, 48], but are not common
practice. Finding a model that works in all cases equally well is outside the scope of this thesis and thus only
the current presented equations presented in section 3.2.2 are used.
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Figure 3.22 and 3.23 compare experimental data for seal A1 and B12 from Eldin with predictions from the
numerical and bulk flow model. Seal B12 of Eldin has an inner radius of 50.9 mm and a radial fin clearance
of 0.1016 mm with the rotor. The seal uses 6 fins which are spaced 3.2 mm from each other. In the case of
figure 3.22 the numerical model does not follow a straight line but rather curves downwards at higher pressure
ratio’s. The BFM and experimental data both do follow a straight line. There is a slight offset between 2D and
3D, indicating that 2D models can predict leakages through labyrinth seals. The BFM follows the linear trend
of the experimental data closely, albeit at a slightly steeper slope. It has to be noted that the flow coefficient
and kinetic energy coefficient were chosen such that the lowest mean error occurred.
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Figure 3.22: Labyrinth seal experimental data compared to the
BFM, 2D and 3D CFD.
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Figure 3.23: Labyrinth seal experimental data compared to the
BFM, 2D and 3D CFD.

For the second labyrinth seal investigated, the numerical models do follow the linear trend that is in the
experimental data, see figure 3.23. Again, only a slight offset between 2D and the 3D case can be seen when
looking at the data from the numerical model. The BFM in this case follows the linear trend again, but only
with a more moderate slope.

The comparison of the models with the experimental data shows that both BFM and numerical models
are capable of predicting trends and absolute values for labyrinth seal configurations. When using BFM how-
ever, the influence of the chosen flow coefficient and kinetic energy coefficient contributes significantly to
the slope and absolute values of the model. Therefore, the designer will have to pay attention to whether the
model predicts reasonable values. Fortunately, numerical models do give accurate trend lines, which means
that they can be used to determine the most suitable coefficients for the analytical model. This also means
that the CFD models can provide valuable information on choosing the suitable coefficients to model the
labyrinth seals that need to be used for the turbine of Dawn Aerospace.

3.4.3. BRUSH SEAL
In this section first the verification of the seal leakage code is given and secondly the validation for both the
numerical and porous medium model is given.

VERIFICATION

The verification of the porous medium model is done for the brush seal investigated by Bayley. The inputs to
the model is a diameter of the rotor of 121.76 mm and a backing ring diameter of 124.56 mm. The thickness
of the brush used is 0.7 mm and the values for α and β are 1 and 2.32 respectively. Figure 3.24 compared
the output of the model developed in this thesis to the output given by Chew. It plots the mass flow rate
against the pressure ratio against which the seal was tested. It can be seen that the model developed in this
thesis matches exactly with the model developed by Chew, indicating that no errors were made in coding the
program.
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Figure 3.24: Verification of the brush seal porous medium model developed by the author and the one developed by Chew.

VALIDATION

The brush seal is modelled with a porous medium approach described by Chew. Brush seals and their leakage
characteristics have been investigated by several authors including Deville [11], Bayley et al. [13] and Carlile
et al. [12]. The experiments by Carlile et al. are especially interesting as they did not only measure the leakage
rate of the brush seal for air but also for helium and carbon dioxide increasing the confidence that the model
also works with different flow gasses.

As discussed in section 3.2.3 the model uses α and β to compute the resistance coefficients, these values
are empirically determined to fit the model to the data. The range found in literature on these values is as
follows 0.7075 ≤ α ≤ 1 and 1.42 ≤ β ≤ 2.34, values found in literature can be found in table 3.5. During the
comparison of the BFM with experimental data the values proposed by Chew [6] are used forα and β and are
1 and 2.32 respectively.

The brush seal investigated by Deville has a rotor diameter of 38.35 mm and a clearance with the aft
backing ring of 0.4mm. The thickness of the brush is 0.77 mm and has a porosity of 0.3. The inlet pressure
of the fluid range from 1 to 8 bar, the outlet as kept at 1 bar and the temperature of the fluid is 300K. Figure
3.25 shows the mass flow rate through the seal against the pressure ratio for both the experimental data and
predictions of the porous medium model. The trend of the porous medium model is in agreement with the
experimental data, the average prediction error is 12.7%.

Carlile investigated a seal that had a rotor diameter of 37.92 mm and that had an aft backing ring diameter
of 39.23 mm. The fluid had an inlet pressure of 1 to 8 bar, an outlet pressure of 1 bar and a temperature of 290K.
The porosity of the brush seal was 0.27 and had a thickness of 0.8 mm. Figure 3.26 shows experimental data
obtained by Carlile and are compared to the predictions with the porous medium model. The figure shows
the mass flow rate as a function of the pressure ratio over the seal. The prediction matches the experimental
data well for all flow gasses, except at the larger pressure drop at the end for air. The authors of the paper
called this behaviour unrealistic, although no explanation was presented. The total average error for the test
with air is 11.0%, for CO2 7.1% and helium 8.1%.

The two-dimensional CFD simulation of brush seal is compared to both the data obtained from Bayley
and Long and Carlile. As discussed in the setup-section the parameter that would determine the mass flow
rate through the seal, are the resistance coefficients. As the resistance coefficients are determined empirically
they need calibration on the experimental data. However, equation 3.28 and equation 3.29 can be used to
determine them. Where porosity is determined with equation 3.23 there only remain α and β, for whom a
range of coefficients can be found in literature as also discovered during the development of the bulk flow
models for brush seals as can be seen in table 3.5 in section 3.2.3. Pugachev [45] and Ergun [42] both model a
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Figure 3.25: Experimental and predicted leakage rate on the Deville
[11] brush seal for different pressure ratios
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Figure 3.26: Experimental and predicted leakage rate on the Carlile
[12] brush seal for different pressure ratios

brush seal in CFD however, Pugachev uses different coefficients for a different direction and Ergun does not.
For this reason both approaches are compared to experimental data of Carlile’s air case and the brush seal of
Bayley to determine the best approach.

From the figures 3.27 and 3.28 it can be seen that the CFD predicts the linear increase in mass flow with
pressure ratio well. However, both predict that the slope of the line is steeper than what the experiment
dictates. It should be said that the coefficients proposed by Ergun do result in predictions closer to the exper-
imental data. With this in mind, it might be possible to increase the resistance coefficients even further until
the numerical results match the experimental data. However, this is not the scope of this thesis and in future
simulations the resistance coefficients will be calculated with the empirically determined values from Ergun,
unless stated otherwise.
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Figure 3.27: Comparison between experimental data of Carlile [12]
and data obtained from the 2D numerical model, for both
resistance coefficients suggested by Pugachev and Ergun.
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Figure 3.28: Comparison between experimental data of Bayley
[13] and data obtained from the 2D numerical model, for both

resistance coefficients suggested by Pugachev and Ergun.

Figure 3.29 shows the comparison between prediction with the porous medium model and experimental
leakage rate as reported by Bayley [13]. In the figure the leakage mass flow rate in kg/s is plotted against the
pressure ratio. The inner radius of the seal is 60.88 mm and the backing ring radius is 62.28 mm. The diameter
of the bristles is 0.0762 mm, the width of the bristle pack is 0.6 mm and the bristles have a lay angle with the
shaft of 45 degrees. There is a good agreement between the model and experimental data, with both following
a linear trend. There is a small difference between 2D and 3D CFD due to the difference in slope, but generally
small enough to make a 2D simulation case acceptable for brush seal design.
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Figure 3.29: Experimental and predicted leakage rates on the Bayley [13] brush seal for different pressure ratios

3.5. SHROUD MODEL DEVELOPMENT
In the previous section the analytical seal leakage model reported in section 3.2 and the numerical seal model
of 3.3 were validated. The analytical leakage equations and numerical models were shown to be following
trend lines for experimental test data.

The analytical leakage equations will be used in this section to develop a new shroud clearance model.
The analytical leakage equations are physical equations rather than empirical to make it applicable to a wide
set of turbine designs. The model is fully dependent on analytical equations and does not rely on any data
from CFD.

The necessity to model the inlet and outlet cavities is discussed in section 3.5.1 and how to use several
bulk flow models in a row for the shroud is discussed in section 3.5.2.

3.5.1. LABYRINTH SEAL FOR INLET AND OUTLET
It is needed to compute the mass flow through the shroud as accurately as possible. This means that not only
the seals need to be included, but the entire shroud geometry. Rosic et al. [49] and Jia et al. [50] show that
the inlet and outlet width of the shroud play a role in turbine performance. They both changed the shrouds
inlet width and outlet width separately and found that the smaller the width the lower the leakage. They also
found that after a certain point increasing the width did not increase the mass flow further, but converged to
an asymptote.

Zou et al. [51] studied the leakage flow through a shroud in order to develop a model that could substitute
the shroud in CFD. They argued that using equations that predict leakage through a labyrinth seal would
not work on its own due to the inherent different flow within shrouds than flows for conventional labyrinth
seals on which the equations are based. The equations to calculate the leakage through a labyrinth seal do
not take into account the inlet and outlet of the shroud but assume a straight flow in front and aft of the
seal. However, they argued that the inlet showed sufficiently similar flow behaviour to a labyrinth seal. Since
the flow structure is so similar the labyrinth seal model can be used to approximate the leakage through the
shroud inlet, albeit with some slight modification to the kinetic energy as that is not completely dissipated
according to Zou et al [51].

The similarities do not end at the inlet cavity, similar flow structure can also be seen in the outlet cavity.
In the inlet and outlet cavity there first forms a separation bubble on the wall at the side of the gap and a jet
forms the opposite wall. This flow structure is similar to that of a labyrinth seal only rotated 90 degrees. The
two flow structures of the current turbine can be seen in figure 3.30, where the velocity contour is given in a
meridional plane of the shroud.
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Figure 3.30: Contour of velocity of the shroud domain with a fin seal. Note how similar the flow behaviour of the inlet, labyrinth and
outlet is.

3.5.2. FLUID NODE STRUCTURE METHOD

The previous section argued that the inlet and outlet cavities play a large role in seal leakage over the turbine.
For the seal leakage equations to accurately predict leakage of the seal on top of the shroud they need to be
given the right pressures in front and after the seal. It was also shown that the flow structure seen in the inlet
and outlet cavity of the shroud is similar to that of a labyrinth seal and that the leakage through them can thus
possibly be calculated with the leakage equations for a labyrinth seal.

Since the leakage equations use iterative solution methods to calculate the mass flow rate, by either it-
erating over velocity or mass flow rate, a method has to be found to make sure the mass flow rates through
the seals are the same. This can be done by replacing the iteration process on mass flow rate of each indi-
vidual BFM with a mass flow rate iteration over the whole shroud. The main loop uses an inlet and outlet
boundary condition based on pressure while sealing configurations are represented with nodes. Each node
takes geometrical parameters of the seal together with the mass flow rate, dictated by the main loop, and the
pressure outputted by the previous node. Previously the individual bulk flow models only took the inlet and
outlet pressure as inputs. The mass flow rate in the main loop is altered accordingly whenever the pressure
after all the nodes does not fall within the convergence limit with the boundary condition. The iteration pro-
cess is repeated until convergence is met. The node structure approach is set up in the following method:
inlet boundary condition, 1 finned labyrinth seal, seal on top of shroud, 1 finned labyrinth seal and the outlet
pressure boundary condition. A schematic overview is given in the form of a flow chart in figure 3.31.

Figure 3.31: A schematic overview of the node structure inside the Dawn Aerospace shroud model.

The nodes do not necessarily need to be a bulk flow model, analytical equations that use mass flow rate
and pressures as inputs will also work if coded correctly. Sudden pressure drops or pressure increases can
also be added easily. Utilising this structure several approaches can be tried with ease as there is only a need
to switch nodes to the one to be investigated. The method also allows the placement of a combination of
several seals i.e. a labyrinth seal followed by a brush seal.
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3.6. IMPLEMENTATION OF THE NEW CLEARANCE LOSS MODEL
The previous section showed that the inlet and outlet of the shroud play a role in the leakage rate through the
seal. It was shown that inlets and outlets have a similar flow behaviour to a labyrinth seal. The section also
showed how bulk flow models can be combined to calculate the leakage rate over a shroud.

This section gives a detailed description of how the newly developed model is implemented into an exist-
ing loss model and meanline design program. This model can cope with a variety of seals as long as leakage
models are developed for them, greatly extending the usage compared to previous models. The model is
named the Dawn Aerospace Shroud Model and will be referred to as DASM. DASM consists of a node like
approach where the designer can put the required seal at a certain position.

Section 3.6.1 discusses how the shroud model is combined with the loss model and meanline design code.
Thereafter, section 3.6.2 goes into detail on the inputs used for the model from the meanline design code.

3.6.1. IMPLEMENTATION
Previously the rotor loss of the turbine was calculated with the empirically determined loss model of Dun-
ham&Came. As the loss model does not give the preferred flexibility of investigating shroud sealing options
a new leakage model for the shroud was developed and documented in section 3.5. The clearance loss equa-
tion of Dunham&Came does not take a leakage rate as input to calculate the pressure loss coefficient as can
be seen in equation 3.30.

Yclear ance = B
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(
k
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)0.78 (
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s/c

)2 cos2(α2)

cos3(αm)
(3.30)

Therefore, the new clearance loss is calculated with the newly developed model in combination with Den-
ton’s (equation 3.31) clearance loss formula. Denton [4] proposed a more physical based approach to calcu-
lating losses in turbines, by considering the generation of entropy as a characteristic for lost work. Denton’s
model suggests that both the mass flow leakage ratio and the ratio between the circumferential velocity of
leakage and main flow are responsible for the generation of entropy. The shroud model developed will calcu-
late the shroud leakage rate, mL. Since the shroud model does not calculate the change in fluid velocity, the
initial approximation with the fluid flow angles of the main flow is kept unaltered.

ζclearance = 2
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)
(3.31)

The attentive reader should have noticed that Denton uses a different loss parameter, namely the entropy
generation ζ, while Dunham&Came use the pressure loss coefficient, Y . In order to combine the two different
loss metrics and thus use Dunham&Came for profile and pressure losses and Denton for the clearance loss, a
conversion factor is needed between the two. Brown et al. [52] reports to have found such a conversion and it
is given by equation 3.32. Where ζ is the entropy loss coefficient, Y is the pressure loss coefficient and γ and
M are the heat capacity ratio of the fluid and the Mach number respectively. The precise derivation of how
the different forms of expressing loss is derived by Horlock [53]. The short explanation of the equation is that
the different loss models are equal at low Mach number, but when the Mach number increases the deviation
increases.

Y = ζ
[

1+ γ−1

2
M 2

] γ
γ−1

(3.32)

The way this model is set out changes little to the core procedures of the meanline design program and
loss calculations. The additional step compared to the loss model of Dunham&Came is for the designer to
define the shroud at the beginning with the usage of nodes. Figure 3.32 shows a flow chart that clarifies the
process of the shroud model combined with the meanline design program. The shroud configuration file
requires inputs from the velocity triangles calculated by the meanline design code. This also includes geo-
metric parameters which will be discussed in more detail in section 3.6.2. The shroud configuration file has
stored the geometry of the shroud and seal in the nodes. It starts iterating on the mass flow rate to satisfy the
pressure boundary condition at the outlet. The calculated mass flow rate is passed to the clearance equation
described by Denton in equation 3.31. The entropy loss coefficient is then converted to a pressure loss co-
efficient. In the end the profile, secondary and clearance losses get added together and the efficiency of the
turbine can be calculated.
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Figure 3.32: Flow diagram of the implementation of the DASM in to the mean line design code.

3.6.2. MODEL INPUTS
With the model implemented into the meanline design method, it is still required to specify what inputs need
to passed on from the meanline design to the node structure. At first some additional information is given on
the inlet pressure and secondly the geometric parameters of the model are discussed.

INLET PRESSURE

Due to the high rotating velocity of the fluid after the stator blade, the pressure before the rotor blade can
be higher at the tip than at the root. This means that the shroud inlet will likely see higher pressure than the
average pressure calculated at this station in the meanline design program. When looking at the pressure
contour in front of the rotor blade in figure 3.33, it can be seen that this is indeed the case. Calculating the tip
pressure in the MATLAB code can be done with equation 3.33, in this equation rt2 denotes the larger radius
and rm the mean radius. The pressure at the tip is given by pt2, the mean pressure is pm and ρ denotes the
density of the fluid.

pt2 = pm + ρ

2
u2

(
1− r 2

m

r 2
t2

)
(3.33)

GEOMOTRIC INPUTS

Inputs defined for bulk flow models are slightly different when using them to model leakage rate on top of the
shroud. This means some clarification is required as to what geometrical parameters are used for the input.
The sizes for the inlet and outlet labyrinth seal are taken at their respective start of the actual turbine shroud.
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Figure 3.33: Contour plot of pressure in front of the shroud in the shrouded turbine case.

The rotor radius for the inlet is taken at position rt2 of the meanline design, while the rotor radius for the
outlet is taken at position rt3 plus the thickness of the shroud and this is also true for the rotor radius of the
seal on top of the shroud. The positions of the radii taken as inputs for the shroud model can be seen in figure
3.34. The figure gives a schematic overview of the positions used by the meanline design program.

In the case of the inlet and outlet, the width of the gap between casing and shroud as indicated in figure 4.1
is the clearance seen by the model. Furthermore, the inlet and outlet always use 1 tooth and thus the spacing,
which is the distance between subsequent fins, is set to 0 as the BFM requires an input for this. During the
development of this model, the best fit with CFD was found when the flow coefficient of Chaplygin and no
kinetic energy coefficient were used for the inlet and outlet labyrinth seal BFM. Still, here it should be noted
that different combinations of coefficients worked better in different cases, as could be seen in section 3.4.2.
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Figure 3.34: Schematic of meanline design positions. For example the leading edge tip height of the rotor blade is indicated with rt2.
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3.7. TURBINE NUMERICAL MODEL
In this section the numerical model of the turbine will be constructed. The flow in a turbine can be assumed
to be periodic. Thus it suffices to create one rotor blade section combined with the stator blade and using
periodic boundary conditions in the circumferential direction. ANSYS offers a mesher for turbomachinery
called TurboGrid, which will be used to speed up the mesh generation for the turbine blades. CFX19.1 is used
to carry out the flow simulation through the turbine.

First a turbine without a shroud will be generated to validate the meanline turbine code with the CFD.
When this is established a turbine with a shroud will be modelled and again it will be validated if MATLAB
and CFD predict similar values. Afterwards, the plain shroud will be substituted with shrouds that make use
of a seal. The meanline turbine design code of the company has already been verified with the book which
was used to write the program.

In the first section of this chapter, section 3.7.1, the development of the unshrouded numerical model is
discussed. Section 3.7.2 describes how to set up the numerical model for the shrouded turbine. An explana-
tion of how performance is calculated for turbines in CFD in this thesis is given in 3.7.3.

3.7.1. UNSHROUDED NUMERICAL MODEL

Shroud modelling of the turbine is rarely done in literature due to the large computational power needed as
the shroud takes up a lot of nodes. Nevertheless, several authors have shown that it is important to model
the shroud, especially if the turbine has multiple stages. However, in order to validate the mean line code
and gain confidence in building numerical models for the turbine an unshrouded turbine will be covered
first. In this thesis the unshrouded turbine is a rotor, which has no tip gap. This is physically not possible as
the rotor would not be able to rotate, but it is a good method to assess the profile and secondary losses in a
turbine. If that is deemed accurate enough to predict secondary and profile losses, the shrouded turbine will
be modelled to investigate the effect of the leakage rate on turbine performance.

The mean line design program of the company uses the flow and blade angles to calculate the blade
profiles with the help of a parametric blade generator. The points of the blade contour will be imported in
SolidWorks, in order to create a three dimensional model of the blade geometry. The CAD file is imported into
the DesignModeler of ANSYS to create the flow path, which is necessary to mesh the blade domain. The flow
path can be constructed with the radii for tip and root specified by the turbine design program. The units in
ANSYS DesignModeler are set to micrometre as is recommended when the blade fits in a cube of 10 by 10 mm
[54], this will ensure that the right tolerance is used. The flow paths for the stator and rotor can be exported
to TurboGrid for meshing. The mesh is loaded into CFX-pre, which is used for the simulation setup.

The stationary domains are connected to the rotating domain with a mixing plane approach, figure 3.35
shows how the domains are defined in the program. When using the mixing plane the user is presented with
two options for the downstream velocity constraint. 1) The stage average velocity or 2) The constant total
pressure. In the first case, the velocity is averaged and the pressure on the downstream plane is matched,
while in the latter case the pressure is constant and the velocity is matched on the downstream plane. The
first option is used to keep the right flow angles between the stator and rotor domain otherwise, large losses
would occur because of large incidence angles.

Figure 3.35: The unshrouded numerical model with indications where important boundary conditions are shown.
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The boundary conditions used for the turbine are given in table 3.8. Using the total pressure at the inlet
and static pressure at the outlet is a robust simulation setup and commonly used in turbomachinery design.
This also means that the mass flow rate is calculated by CFD and can be used to evaluate how accurate the
model is. Monteiro et al. [55] mention that the mass flow rate of the design data is 4% greater than that
predicted by their CFD. A similar deviation is found by Dorney [56] except that they found the mass flow rate
in the CFD to be higher by 5%. The deviations are explained by small differences in geometry in the 3D model
and 3D flow characteristics (like boundary layers). A mass flow deviation of +-5% between the meanline
design program and CFD is thus deemed accurate enough.

The turbulence model used is k −ω SST , which is often used to accommodate for separation of the flow,
a more detailed description on this is given in section 3.3.1. No slip and smooth walls are set for the wall
boundary condition to help with convergence and to stay close to the input of the loss models, as turbine
blades often have very low surface roughness. The fluid used during the simulations is decomposed hydrogen
peroxide of 87.5%, just as would be used in the actual application, which consists of a mixture of steam and
oxygen and is at a temperature of 1001 Kelvin. To model the fluid in CFX H2O and O2 are taken from the
gas phase combustion material library, the mass fraction of 0.58845 and 0.41155 is used respectively and the
thermodynamic state is set to gas. To make sure that the fluids used to drive the turbine are similar in the
meanline program and CFD, the values for viscosity and specific heat at constant pressure are inputted by
the user based on the values given from CoolProp. The viscosity and specific heat at constant pressure are
4.0741×10−5Pa · s and 1797 J

kg K respectively. The total inlet pressure is 110 bar and the static outlet pressure
is 92.8 bar.

Table 3.8: Boundary conditions used in the numerical models of the turbine

Boundary Condition Setting

Inlet Total Pressure, Total Temperature
Outlet Static Pressure
Energy Equation Total Energy
Walls No slip, smooth walls
Turbulence model k-ω SST
Calculation scheme High resolution

As stated before, the mesh of the blades is generated with the use of TurboGrid, which creates a structured
H-O-H type mesh around the blade geometry. Within the mesher the desired y+ is set to be equal or lower
than 1 and the Reynolds number encountered on the blade is specified. During the mesh independence
study, the global mesh size parameter is increased until the efficiency of the turbine is no longer dependent
on the mesh size and the lowest possible point was taken. Figure 3.36 shows an example of what the mesh for
a rotor blade looks like, the mesh size is small at the walls and an expansion ratio of 1.3 is used. The solution
ended when the residuals were below 1E-5 and the total temperature and efficiencies did not alter anymore.

Figure 3.36: An example of a mesh used for the rotor domain of the numerical model of the turbine.
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3.7.2. SHROUDED NUMERICAL MODEL
The numerical setup for the shrouded turbine simulation is copied over from the unshrouded simulation
discussed in the previous section. The shroud is modelled completely within ANSYS, the mesh for the annular
seal and labyrinth seal are directly created in ICEM. In the case of the brush seal the DesignModeler is used
to create a model and the ANSYS mesher is used to create the mesh. A 2D drawing can be made in both ICEM
and ANSYS mesher, which is revolved around the rotational axis of the turbine afterwards. The shroud uses
the same pitch angle as the rotor blades, this will help to connect the fluid domains as will be explained later.

The fluid domain for a shrouded turbine can be included in two different ways. One where the inlet and
outlet of the shroud are together with the main flow passage and separated from the blades, see figure 3.37.
The other option where the whole shroud itself is separated from the main flow, see figure 3.38. In the case
of this thesis the second option is chosen, foremost due to the ease of implementation as the unshrouded
model would not have to be changed to incorporate a shroud.

RotorStator CV1 CV2

Cavity

Diffuser

Figure 3.37: A schematic of a possible shrouded turbine domain division, where the inlet and outlet of the shroud are separated of the
middle part of the shroud.

RotorStator

Cavity

Diffuser

Figure 3.38: Schematic of a possible shrouded turbine domain, where the inlet and outlet of the shroud are combined with the middle
of the shroud.
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The connection of the mesh between the rotating rotor and the stationary shroud is done with the frozen
rotor approach instead of the mixing plane approach. This is because the frozen rotor approach is computa-
tionally less demanding [54]. The sides of the shroud domain are set to be of a rotational periodicity. The part
of the shroud that is connected to the rotor is given a rotational wall velocity that matches the rotor speed,
this models the rotating shroud surfaces within the cavity.

However, to accommodate for the frozen rotor approach two conditions are important. The first being
that there is no altering geometry in time, i.e. a passing blade, as the relative position of the components is
fixed. This means that the resulting flow is strongly dependent on the relative position, if there is no altering
geometry in the shroud this is thus no longer an issue. The second condition is that the pitch of the rotor and
shroud should be the same in order to avoid temporal lag. Temporal lag occurs for example when a wake of
a cylinder is passed on to the next domain with the frozen-rotor approach with a different pitch, the wake
enters the domain for each blade section at another point and thus also exits the domain at another position.
The difference in these inlet and outlet positions of the following domain is called the temporal lag.

3.7.3. PERFORMANCE CALCULATIONS IN CFD
The pressure loss over a turbine can be calculated characterised as equation 3.34 [21], where the subscript
with zero means is total pressure and the subscript without zero is static pressure.

YR = p01 −p02

p02 −p2
(3.34)

Total pressures are averaged with mass flow averages and static pressure are area-averaged. To calculate
the rotor loss you use the pressures calculated based on rothalpy since this is the value that is conserved in
rotating domains.

The isentropic turbine efficiency can be calculated with specific enthalpies: equation 3.35, where the
subscript r is the real process and s denoted the isentropic process.

ηT = h1 −h2r

h1 −h2s
(3.35)

For CFX equation 3.36 is a good method to calculate efficiency, as it also takes into account the changing
properties throughout the turbine stage. Where ω is the rotational speed, T is the torque and h is the total
enthalpy.

ηT = ω∗T

ṁ ∗ (hi n −hout )
(3.36)

Next to the above mentioned efficiency calculations, the power generated will also be taken as a perfor-
mance characteristic. Because, as discussed in an earlier chapter, the leakage flow that does not produce
work is not seen as a loss in conventional terms. However, by letting more mass flow through the turbine the
turbine should also extract more power from the flow. The power calculated in CFD is done with equation
3.37.

P = T ∗ω (3.37)

3.7.4. MESH SENSITIVITY STUDY
The mesh sensitivity study for the turbine is conducted for the reference turbine without a shroud. The num-
ber of nodes used for the shroud to be mesh independent is derived from the seal mesh independence study
in section 3.3.5. However, it is made sure that the number of nodes used in the circumferential direction is
roughly the same for the turbine as for the seal.

Figure 3.39 plots the total-to-total efficiency of the simulation against the number of nodes used for the
nozzle and rotor combined. As explained in section 3.7 the mesh for the blades is made with the help of
TurboGrid, a dedicated mesher for turbomachinery. This mesher made sure that the y+ values specified are
actually achieved by the mesh. The number of nodes is then increased by increasing the global refinement
parameter in the mesher. In the figure it can be seen that the least amount of nodes achievable within the
mesher to create a good mesh is approximately 400 000 nodes. When the mesh is globally refined with the
global refinement parameter the effect of the increasing mesh is negligible after approximately 800 000 nodes.
This means that the nozzle and rotor both use approximately 400 000 nodes.
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Figure 3.39: Mesh independence study for the turbine.

3.8. TURBINE MODEL VALIDATION
The previous section explained how to set up numerical simulations for turbines. This section will validate
the models with the current meanline design program of Dawn Aerospace, which uses Dunham&Came as
a loss model. Section 3.8.1 lists a turbine design for the unshrouded case and section 3.8.2 does the same
for a shrouded turbine. Both sections go into details about the comparison between the turbine design code
outputs and outputs of the CFD model.

3.8.1. UNSHROUDED TURBINE DESIGN
In this section the reference turbine is used, it is designed with the meanline code developed by Dawn
Aerospace, with the clearance loss calculations turned off. A numerical model of the designed turbine will
also be created to compare loss calculations to each other and to give a base case with optimum efficiency
as there are no clearance losses. This should establish if the profile and secondary losses calculated with the
loss models match those of CFD.

Table 3.9: Efficiency parameters for the unshrouded turbine, a comparison between the Dunham&Came loss model and CFD.

Parameter Dunham&Came CFD Deviation [%]
Mass flow rate
[kg/s]

2 2.1 +5.0

Efficiency [%] 86.81 89.90 +3.5
Y_n [-] 0.0781 0.0689 -11.8
Y_r [-] 0.1469 0.1524 3.7

The new design is modelled in CFD and the simulation is run. For this turbine the loss and efficiency
parameters are compared with each other and they are listed in table 3.9. As can be seen, the mass flow rate
deviates by 5%, and the efficiency is predicted within 4%. The largest deviation (>10%) can be found in the
nozzle pressure loss however, the rotor pressure losses predicted to roughly the same value by the loss models
and CFD and this is the parameter that is most important for the thesis. The other performance parameters
are all within the 5% accuracy range established in section 3.7.1.

Contour plots of entropy and Mach number are shown in figure 3.40 and figure 3.41 respectively. Gen-
erally, the entropy contour shows the losses generated by the profile and trailing edge of the turbine blade.
no significant generation of entropy is visible, apart from a small zone around the blade. This shows that
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no significant losses are generated due to for example separation, the generation of the boundary layer has
the largest contribution to the loss. The Mach contour shows the highest Mach number in the throat as ex-
pected since this is the smallest area. It also indicates that the Mach number in the turbine does not reach
supersonic speeds, this is important as the blades are of subsonic design and the meanline design program
processes cannot predict shock losses.

Figure 3.40: Entropy contour of the unshrouded turbine case at the mean radius, mainly indicating profile and trailing edge losses.

Figure 3.41: Mach contour of the unshrouded turbine case at the mean radius.

Figure 3.42 shows the contour plot of entropy at the exit of the turbine rotor for two blades. Two distinct
zones of entropy generation can be seen for a single blade: one at the top and one at the bottom. The entropy
generation is due to the horseshoe vortex forming on the blade as explained in section 2.1.2. Due to having
the rotor blade touching the outer casing this vortex also forms on the upper side of the blade. No excessive
entropy generation can be seen, at the rotor outlet. This, together with the good matching rotor pressure loss
between MATLAB and CFD give confidence that the simulation is set up correctly.

It thus is believed that the discrepancy in nozzle pressure loss between the meanline design program and



48 3. METHODOLOGY

Figure 3.42: Entropy contour of the unshrouded turbine case at the rotor outlet position.

CFD is due the thickness over chord ratio of the designed blade being to low. The thickness over chord ratio
(T C ) for the nozzle blade used in the turbine is 0.09, while the profile loss calculation method is only deemed
valid in the case of 0.15 ≤ TC ≤ 0.25 according to Saravannamuttoo et al. in his book on gas turbine theory
[21].

3.8.2. SHROUDED TURBINE DESIGN WITH DUNHAM&CAME
For the case of shrouded turbines, the clearance calculations are turned on in the meanline design code
and coefficients for a shrouded turbine are selected. Similar inputs are used to design the shrouded turbine
to be able to compare the performance to the previously developed unshrouded turbine. Although, blade
angles change due to the change in efficiency in the meanline program. The designed turbine is modelled
in CFD and the simulation is run. Results are presented in table 3.10, where it can be seen that some large
discrepancies arise.

Table 3.10: Efficiency parameters for the shrouded turbine, a comparison between the Dunham&Came loss model and CFD.

Parameter Dunham&Came CFD Deviation [%]
Mass flow rate
[kg/s]

2.25 2.49 +10

Efficiency [%] 78.53 87.36 +11
Y_n [-] 0.0767 0.06378 -17
Y_r [-] 0.3189 0.1759 -45

Table 3.10 shows some large discrepancies between CFD and the analytical loss model, with the largest
being a 45% deviation. The first large deviation is the mass flow rate, which is now outside of what is outside
of what literature calls an acceptable difference, namely a 10% deviation. The efficiency prediction difference
is with 11% also outside the generally accepted difference of 3-4%. These two parameters are indicating that
something is wrong or miscalculated in either the preliminary design program or CFD. When looking at the
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more detailed parameters, nozzle and rotor pressure loss coefficients, it becomes clear that losses predicted
by the loss model do not agree with losses predicted by CFD, where the loss model predicts much higher
losses.

The discrepancy in the nozzle losses was already noted in the previous section. With the nozzle blade
being very similar between the un-shrouded and the shrouded turbine design, it is again likely that the profile
loss equation used for the nozzle blade is the origin of this. This is confirmed by the similar-looking entropy
contour plot in figure 3.43 and the Mach contour plot in figure 3.44.

Figure 3.43: Entropy contour of the shrouded turbine case at the mean radius, mainly indicating profile and trailing edge losses.

Figure 3.44: Mach contour of the shrouded turbine case at the mean radius.

The large deviation in rotor loss was not present in the previous section, where the predicted loss using
the loss model was still close to the prediction by CFD. The newly added feature in the shrouded case is the
addition of the shroud and thus the introduced discrepancy most likely originates from this addition. When
dissecting the rotor loss in its loss components, according to equation 2.1, it becomes clear that the clearance
loss predicted by Dunham&Came is 67.6% of the total rotor loss, the secondary loss contributes 26.7% and the
profile loss 5.7%. To know how large the clearance loss is in the CFD calculations is hard to extract however,
there are two possibilities: 1) Running an unshrouded simulation with the exact same blades, calculating the
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rotor loss and subtracting that from the case with a shroud. 2) Using Denton’s leakage equation to get a quick
indication of losses introduced due to mixing, this can be done by extraction the leakage fraction on top of
the shroud from CFD.

The easier option is to do a rough estimate using Denton’s leakage equation 3.31. With that equation,
the leakage fraction is used to calculate the clearance losses in the rotor stage. The leakage fraction over the
shroud is 0.034 of the mass flow rate through the rotor passage in CFD. Using equation 3.31 shows that the
clearance loss in CFD would amount to 12.5% of the total, much less than Dunham&Came predict (68%) and
much more in the quoted range for clearance losses (33%). If the 68% clearance loss of Dunham&Came would
be translated in a leakage rate this would put it much over 10% of the overall rotor flow rate, an unreasonable
large amount. This finding leads to the conclusion that the clearance losses calculated by the Dunham&Came
loss model, overpredict the clearance losses by a considerate amount.

Figure 3.45 shows the entropy contour of the turbine at the rotor blade outlet. When comparing this figure
to the figure 3.42, which shows the entropy generated after the rotor without a shroud, it can be seen that the
vortex on the lower part of the blade remains unchanged. The upper vortex is completely replaced by a band
of high local entropy. This entropy generation is caused by the leakage flow through the shroud entering the
main flow.

Figure 3.45: Entropy contour of the unshrouded turbine case at the rotor outlet position.

3.9. DISCUSSION

DISCUSSION NUMERICAL SEALS

In section 3.3.4 the setup of the numerical model of the brush seal was discussed. The setup of the brush
seal became a bit more troublesome. With ICEM the naming of zones and edges became very hard and time-
consuming. Switching to the Ansys mesher and modelling it in there took less time and fewer errors were
made. However, this could not be transformed into a 3D mesh. This meant that creating the 3D numerical
model for the brush seal took more time in total.
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DISCUSSION LEAKAGE MODEL VALIDATION

The 2D simulations could accurately predict the trends with respect to the mass flow rate for a pressure in-
crease. For the annular and labyrinth seal, the mass flow rates calculated by the fluid solver were a bit too
high. For the brush seal, the simulation showed a linear trend just as the bulk flow model and experimental
data. Only the linear trend predicted by the CFD is steeper. This can be solved by calibrating the seal, by
increasing resistance coefficients or even making the brush thicker.

In the case of the annular seal and labyrinths seal no well documented data could be found for low pres-
sure ratios (i.e. 1.2 bar) as would be encountered on top of the shrouded rotor. The author does not expect the
behaviour of leakage rate to change drastically when the pressure ratios enter this low pressure ratio regime.
With the shown trend lines being similar, the author hopes to have proven that BFMs and CFD can predict
leakage rates through the seals also at lower pressure ratios than the experimental data cover.

Choked flow conditions are not fully programmed. Warnings are given when choked flow is approached
however, results of the cases where choked flow calculations were turned off gave better results than with the
chocked flow conditions turned on. Also, little experimental data was found on tests that specifically men-
tioned when the flow became chocked in the experimental data presented in the literature also no indication
of chocked flow during the tests could be found, which made it hard to validate the data.

DISCUSSION ON MODEL DEVELOPMENT

During the thesis several other methods were tried to model the inlet and outlet of the seal than whit a
labyrinth seal as presented in section 3.5. The other models are not included in the text as they did not
present acceptable solutions. Some of the methods tried are: hydraulic resistance coefficients, orifice flow
and radial inflow and outflow between a stationary and rotating plate.

DISCUSSION TURBINE VALIDATION

A difference in nozzle pressure loss between CFD and loss model prediction becomes clear in section 3.8,
this difference is attributed to the lower thickness over chord ratio in the design code than the loss model is
capable of predicting for. It was decided that investigating this problem was outside the scope of this thesis
and would not interfere with the thesis too much as rotor pressure loss coefficient would still give a good
indication on the models prediction performance.





4
RESULTS

The previous chapter covered the methodology of this thesis. It started with explaining the analytical leakage
equations of the seals and the setup of the numerical models. It showed that they were adequate to predict
leakages through seals. The analytical equations were then used to develop a model to calculate leakages
through a sealed shroud configuration. It was explained how this new model could be integrated with the
meanline design code and the loss model of Dunham&Came. In the end, the setup of the numerical model
for a turbine without and with shroud was discussed.

This chapter will use the numerical model of the shrouded turbine to validate the newly developed shroud
model. When it is shown that the model can predict leakage rate trends the model can be used to design
shrouded turbines with seals on top of the shroud.

Section 4.1 compares the leakage rate and pressures from the reference turbine sealed by a single fin
labyrinth seal and brush seal with the leakage rate and pressures predicted by the model. The model inte-
grated into the meanline design code is then used in section 4.2 to design turbines with a shroud seal and are
compared to CFD. Section 4.3 discusses the solution speed of the new model compared to the old model of
Dunham&Came. Finally, in section 4.4 a sensitivity analysis is performed on some input parameters of the
model.

4.1. DASM MODEL VALIDATION
In this section the leakages and pressures obtained from the turbine numerical model are compared to the
leakages and pressures obtained from the shroud model. The turbine used in this section is the reference
turbine of section 3.1. The turbine is used for two kinds of simulations: one where on top of the shroud an
one finned seal is used and the other one where a brush seal is used. This section is divided into several
subsections: first the data generation of the comparison is discussed, then the leakage rates through the
shrouds are compared. Followed by the comparison of pressures at several stations. In the end predicted
rotor losses are compared to each other.

4.1.1. DATA GENERATION
The model will be validated against data of a shroud using an one finned labyrinth seal on top of the shroud
as this is the default setting in the loss model of Dunham&Came. The inlet and outlet widths of the shroud
are not taken into account by the loss model of Dunham&Came. Since the inlet and outlet widths play an
important role in shroud leakage, as has been noted in 3.5.1, they are varied. Figure 4.1 shows the inlet (left)
and outlet (right) cavity being altered over a range of 0.125 mm to 1.5 mm. This range includes the lower
bound dictated by manufacturing constraints and an upper bound where the inlets and outlets play little to
no effect.

In order to further test the model and validate if the approach works with another seal, the numerical
model for the shroud is recreated with a brush seal on top of the shroud. Again the inlet and outlet width of
the shroud are varied from 0.125 mm to 1.5 mm and the mass flow rate is extracted. The brush seal on top of
the shroud has a thickness of 0.7 mm, the backing ring clearance is 0.3 mm. The porosity used to calculate
the inertial and viscous resistance coefficient is chosen to be 0.27, which is similar to the values of porosity
found in literature in section 3.4.3.

53
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Figure 4.1: Inlet and outlet cavity variation of the shroud model.

4.1.2. LEAKAGE RATE COMPARISON
To calculate the mass flow rate through the shroud with the shroud model the pressures at the inlet and
outlet of the seal needs to be known. The pressures are taken at the inlet and outlet of the rotor blade as
predicted by CFD. In this section the inlet and outlet pressure of the blade are denoted by station 1 and station
4, respectively, see figure 4.2. The figure also shows the numbered position in front of the seal on top of the
shroud as station 2 and the position after the seal as station 3. As has been discussed in section 4.1.3 the
pressure at the inlet of the shroud will be higher than the average pressure of station 1. For this reason, the
inlet pressure used for the model is the maximum pressure of station 1 in CFD. The outlet pressure used as
an input for the model is the average pressure of station 4.

Figure 4.2: Positions at which pressures are calculated for the investigation of shroud flow behaviour

In figure 4.3 the mass flow rate through the seal is plotted against the cavity widths for the shroud sealed by
an one finned labyrinth seal, it compares the values from CFD and that of the model. Both show a logarithmic
trend in increasing mass flow rate as the cavity width increases and hits a point where the increase in cavity
width does not further increase the mass flow rate through the shroud. Similar flow behaviour has been
discovered by Rosic et al.[49] and Jia et al. [50]. At the cavity size of 0.125 mm and 0.25 mm the predicted
mass flow rate from the model and CFD are almost identical. However, for the other cavity sizes the model
overpredicts the leakage rate. The maximum discrepancy between the models exists at a cavity width of 0.75
mm, where the error is 32.3%.
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Figure 4.3: Mass flow rate through the shroud sealed by a single fin, CFD vs model predictions. The model uses a labyrinth for the inlet,
the actual fin and the outlet.

Figure 4.4 shows that the predicted leakage rate by the BFM through the labyrinth seal on top of the shroud
matches the leakage rate from CFD closely. Figure 4.4 clearly indicates that whenever the pressures supplied
are correct, the BFM can predict the leakage through a seal on top of a shrouded turbine. This again indicates
that the inlet and outlet cavity play a larger role in small turbines than any analytical loss model, that can be
found in the open literature, has taken into account thus far.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Cavity width [mm]

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

M
a
s
s
 f

lo
w

 r
a
te

 [
k
g

/s
]

Shroud leakage rate

CFD

Model

Figure 4.4: Comparison between leakage rate calculated with the model and CFD for shrouded turbine with changing inlet and outlet
shroud clearance. The model uses only a labyrinth seal over the shroud, but pressures are taken in front and after the actual seal.

The leakage rate of the brush sealed shroud is also compared for the CFD case and the model predictions.
As already noted, in this case the one finned labyrinth seal is replaced by a brush seal in the CFD simulation
and the BFM for the labyrinth seal is replaced by the porous medium model in the shroud model. Figure 4.5
plots the leakage rate through the shroud against the cavity width. The model again slightly overpredicts the
leakage rate when compared to CFD, the maximum error occurs this time at the smallest cavity width and is
14.3%. More importantly, the model again follows the trend of the CFD well. It predicts that the leakage is
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Figure 4.5: Comparison between CFD and shroud model of leakage through a brush sealed shroud with varying inlet and outlet cavity
width.

not dependent on the cavity width at 0.25 mm. While CFD predicts that the mass flow rate through the seal is
no longer dependent on the inlet and outlet cavity size of 0.5 mm. This illustrates that the model can predict
leakage rates for brush sealed shrouded turbines, which is a feature that no other loss model available in the
open literature can do.

When comparing the leakages of the single finned sealed shroud to the brush sealed shroud quite some
differences can be seen. First, it is noted that the brush seal is much less dependant on the cavity width of the
inlet and outlet than the labyrinth seal. At the smallest cavity size, the leakage rate through the brush sealed
shroud is 28.1% that of the labyrinth sealed shroud. At the largest cavity size, the brush sealed shroud only is
11.7% of the labyrinth sealed shroud when comparing leakages of CFD.

4.1.3. INLET PRESSURE

In the previous section it could be seen that the calculated leakage rate through the shroud does follow the
trend, however at larger axial clearances for the inlet and outlet the model overpredicts the leakage rate.
To further investigate the performance of the model a closer look is taken at the pressures at the different
stations.

Figure 4.6 plots the pressure against the cavity width of the shroud, it shows pressures taken at station 1
and 2 in CFD and the calculated pressure by the model at station 2. That the shroud sees a higher pressure
than the average pressure at station 1 can be seen when looking at the green line indicating the pressure at
station 2 from CFD in figure 4.6. It reaches a pressure of 97.5 bar at the larger cavity sizes, while the average
pressure at station 1 is 97 bar measured at larger cavity sizes, the red line. Unless there is a pressure increase
within the inlet cavity the pressure at station 2 should not be higher than the pressure at station 1. This makes
it plausible that the shroud actually sees the maximum pressure at station 1, as is used by the model.

When comparing the pressure predicted at station 2 by the model to that of CFD in figure 4.6, it can be
seen that they do follow a similar trend. However, the value they converge to differs. The pressure at station
2 predicted by the model converges to the maximum pressure at station 1 of 98.7 bar, which was taken as its
input. This indicates that as the cavity width increases the sealing capacity reduces. The pressure at station 2
from CFD does not converge to the maximum inlet pressure, but to 97.5 bar. This suggests that either another
unidentified pressure drop is present or that the pressure the shroud actually sees is slightly lower than the
maximum pressure occurring at station 1.
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Figure 4.6: Rotor inlet to cavity inlet pressure drop

Figure 4.7 shows the pressure plotted against the cavity width for the shroud sealed by the brush seal. The
black line indicated the maximum pressure at station 1, while the red line indicated the average pressure at
station one from CFD. The green line is the pressure in CFD at station 2. It can be seen that in this case the
pressure at station 2 in CFD is equal to the maximum pressure of station 1. Indicating that the inlet cavity
width plays no role in the sealing of the shroud. This confirms the suspicion that the shroud sees a higher
pressure than the average pressure at station one and that it is most likely the maximum pressure at station 1.

0 0.5 1 1.5

Cavity width [mm]

9.7

9.75

9.8

9.85

9.9

9.95

P
re

s
s

u
re

 [
P

a
]

10
6

max station 1 CFD

average station 1 CFD

station 2 CFD

Figure 4.7: Comparison of pressure at the inlet tip and inlet cavity for the shroud with a brush seal.

4.1.4. OUTLET PRESSURE

The outlet of the shroud is modelled similarly to the inlet, with a labyrinth seal. Figure 4.8 plots the pressures
observed from the CFD and model at stations 3 and 4 against the cavity width. The pressures of the model
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and CFD at station 3 both decline with increasing cavity width, this indicates that the sealing capacity of the
outlet reduces. The similarities between the model and CFD that was clearly visible at the inlet pressures are
not so clear in this case. However, again a pressure difference between the average pressure of station 4 and
the pressure seen at the tip might be a cause.

Figure 4.9 shows the pressures at the outlet of the labyrinth seal shroud versus the cavity width when a
constant pressure difference is applied to the seal outlet of 2 bar. This constant pressure drop is determined
from CFD and when that is included in the model results are very convincing, showing the importance of
being able to model the difference in pressures.
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Figure 4.8: Pressures of the outlet of the shroud from the model and
CFD.
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Figure 4.9: Pressure at the outlet of the labyrinth seal shroud, where
the model uses an constant pressure drop at the outlet of 2 bar.

With careful analysis from CFD, it is determined that this additional pressure drop happens at or after the
expansion into the turbines main flow. This large expansion and differences in kinetic energy for rotational
velocities is not something the BFM is intended to calculate and thus the most plausible explanation for the
deviation. So it is key to determine what pressure the shroud actually sees. Unfortunately, the pressure the
shroud sees at the exit is influenced by the shroud itself, which becomes clear when comparing the pressure
contours of a shrouded turbine in figure 4.10 with that of an unshrouded turbine in figure 4.11. The pressure
contour of the shrouded turbine has a band of higher pressure on the upper side near the outlet cavity of the
shroud, while the unshrouded turbine shows a more uniform pressure over the whole location.

Figure 4.10: Pressure contour just before the shroud exit
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Figure 4.11: Pressure contour at the same place, but without the shroud

In the previous sections, it could be seen that the inlet and outlet width had almost no influence on the
leakage rate through the brush sealed shroud. The pressure at station 2 of the brush seal was equal to the
maximum pressure at station 1. As noted for the inlet pressure in the previous section the model agrees well
with CFD however, for the outlet it does not fully hold. Figure 4.12 shows the pressures at station 3 and 4 of
the model and CFD as a function of the cavity widths. In CFD it can be seen that the pressure at station 3
is 1 to 0.5 bar higher than the pressure at station 4 dependent on the cavity size. The pressure predicted by
the model at station 3 lies on the pressure at station 4, which is its outlet boundary condition. The difference
between CFD and the model indicates that the model does not take into account some pressure difference.
The straight line of CFD at station 3 in combination with the higher pressure seen in front of the labyrinth
sealed shroud outlet, suggests that also the outlet of the shroud sees a pressure that is higher than the average
pressure at station 4. Contrary to the inlet no suitable approximation of this difference in pressure has been
found.
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Figure 4.12: Comparison of outlet cavity pressure of the model and CFD
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4.1.5. ROTOR LOSSES
As described in section 3.6 the new clearance loss is calculated with the newly developed model in combi-
nation with Denton’s (equation 3.31) clearance loss equation. Figure 4.13 shows the comparison for rotor
pressure loss for the CFD case, the predicted values of the loss model of Dunham&Came and the combined
loss model of Denton and Dunham&Came and which takes the mass flow ratio from CFD. It can be seen
that the combined model of Denton and DC prediction come close to the values obtained by CFD and most
importantly that the trend is followed. The loss model of Dumham&Came does not take the cavity size into
account and thus only outputs a constant value and over predicts the rotor losses. Furthermore, the current
loss model of Dawn Aerospace thus grossly overpredicts the rotor loss of the turbine.
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Figure 4.13: Rotor losses plotted against the cavity size of inlet and outlet of the shroud predicted by CFD, Dumham&Came and the
combined loss model of Denton and Dunham&Came.

4.2. FULL DESIGN VALIDATION
In the previous section, it has been shown that the model can predict leakage rates through sealed shroud
configurations. This section will illustrate that the model can be used with the meanline design code. For this
several turbines are designed with the new model and compared to CFD. The designed turbines consist of a
single fin seal design in subsection 4.2.1, a brush sealed shroud in subsection 4.2.2, a multi-fin labyrinth seal
in subsection 4.2.3 and a larger sized turbine in subsection 4.2.4.

4.2.1. 1 FINNED DESIGN
A new design of the turbine has been made using the above-described shroud model in combination with
the Denton clearance loss, which is integrated into the Dunham&Came loss model. Useful conclusions can
be drawn with respect to the comparison with CFD and the discrepancy between the loss model and CFD. As
has been proven in the previous section for the 1 finned labyrinth case the inlet and outlet cavity size have
a significant role to play on the leakage rate. See for example figure 4.3 where it is shown that the smaller
the cavity size, the lower the leakage and thus loss. For this reason, the minimum distance the designer is
comfortable with producing is taken and that is 0.3 mm.

In the new design the rotor loss predicted by DASM is 0.19, while CFD predicts a rotor loss of 0.17 as can
be seen in table 4.1. When using a conventional clearance loss model the predicted rotor loss rises to 0.36,
almost twice as high as CFD. The difference in efficiency is reduced from 11.2% to just 5.6% for a similar-sized
turbine. The efficiency difference between the model with meanline is now 5.6%.
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Table 4.1: Comparison of performance parameters of a small turbine with a one finned labyrinth seal, model prediction versus CFD

parameter DASM DC CFD Deviation
mass flow rate [kg/s] 2.25 - 2.4 6.7%
leakage fraction [-] 0.0517 - 0.0284 -45%
nozzle pressure loss [-] 0.0810 - 0.0625 -22.8%
rotor pressure loss [-] 0.2037 0.3552 0.1769 -13.2%/-50.2%
Efficiency [%] 83.8 - 88.5 5.6%

4.2.2. BRUSH SEAL DESIGN

In this section, the 1 fin labyrinth seal on top of the shroud is replaced by a brush seal. For this the node for
the labyrinth seal in the shroud file needs to be replaced with a node containing the brush seal. Additional
inputs to this model will be brush thickness and fence height, if specific data on resistance coefficients are
known for the seal the user can specify these as well otherwise the resistance coefficients proposed by Chew
are used.

As far as the author is aware there exists no axial turbine loss model capable of predicting clearances loss
when a brush seal is installed on top of the rotor shroud in open literature. Nevertheless, the usage of turbines
that are being retrofitted is continuing to increase and experimental and numerical research is being done on
the topic. Designing a turbine for losses with a labyrinth seal and replacing that with a brush seal in the real
application, might result in sub-optimal designs compared to the case where the preliminary designs already
included the brush seal. It has to be noted that the loss model presented here does not include power loss
due to friction between the brush seal and the shroud, but neither does CFD so results between the two are
expected to be comparable.

Again, the inputs of the reference turbine are used only now using a brush seal on top of the shroud.
The design returned with the brush seal predicts a 2% increase in the turbine’s efficiency compared to the
case where a 1 finned labyrinth seal is used (84% to 86%). When comparing the DASM predictions with
CFD (table 4.2) it can be seen that leakage fraction and rotor loss correspond well. Again there is a large
discrepancy between nozzle losses (CFD is 2/3 of DASM predictions), which previously have been attributed
to the thickness over chord ratio lying out of bounds for the loss models. But it has now come to a point
where it might seriously alter prediction outputs when compared to CFD. Nevertheless, efficiency is within
5% points of each other and the difference in rotor loss is within 4%. Another noteworthy point is that CFD
predicts also a 2% points efficiency increase compared to the 1 finned labyrinth seal (88% to 90%).

Table 4.2: Comparison of performance parameters of a small turbine with a shroud brush seal, model prediction versus CFD

Parameter DASM CFD Deviation
Mass flow rate [kg/s] 2.25 2.369 5.3%
Leakage Fraction [-] 0.0066 0.0052 -21.2%
Nozzle pressure loss [-] 0.0922 0.0594 -35.5%
Rotor pressure loss [-] 0.1403 0.1355 -3.4%
Efficiency [%] 86.2 90.5 5.0%

4.2.3. 4 FINNED LABYRINTH SEAL DESIGN

Here the new design of the reference turbine uses a labyrinth on top of the shroud with multiple fins. The fins
are spaced by 0.5 mm which means that, if the shroud is 5 mm long, a maximum of 5 fins can be placed on
top. The new design generated has a 4 finned labyrinth seal on top.

Results are presented in table 4.3, where it can be seen that leakage fraction and rotor loss match closely.
This time the efficiency prediction is off by 3% point and has to be almost completely caused by the difference
in nozzle losses. This case shows that the model can also accurately predict clearance losses for a multi-finned
labyrinth seal on top of the shroud. Rotor loss is now actually under predicted in DASM, while previously it
over predicted. The rotor with shroud was also supplied to the loss model of Dunham&Came who predicted
a rotor loss of 0.2237, which is a 50% over prediction compared with CFD.
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Table 4.3: Comparison of performance parameters of a small turbine with a shroud 4 fin labyrinth seal, model prediction versus CFD

Parameter DASM CFD Deviation
Mass flow rate [kg/s] 2.25 2.397 6.5%
Leakage Fraction [-] 0.0318 0.0302 -5.0%
Nozzle pressure loss [-] 0.0801 0.0597 -25.5%
Rotor pressure loss [-] 0.1538 0.1615 5.0%
Efficiency [%] 85.7 88.7 3.5%

4.2.4. LARGER TURBINE

Here a turbine with larger blade sizes will be discussed which has been taken from literature. The inputs of
the turbine are taken from Behr [57] are put through the meanline design program of Dawn Aerospace with
the DASM model, in order to first construct the blades and also to assess performance predicted by the loss
model. Table 4.4 shows input parameters used to design the turbine, small deviations with the turbine in the
paper can be found, i.e. blade angles, due to different design methodologies and constraints imposed by the
design code. The inputs are collected from the research at the ETH Zurich at the LISA facility where several
authors mention a similar turbine [49, 50, 57]. Especially an increase in the main radius and the mass flow
rate can be seen in this case compared to the reference turbine of Dawn Aerospace.

Table 4.4: Large shrouded turbine comparison case design parameters

Parameter Value [unit]
λ 0.39 [-]
ψ 2.55 [-]
φ 0.384 [-]
Design speed 3750 [rpm]
Aspect ratio 0.714 [-]
Zweifel number 0.72 [-]
mean radius 0.365 [m]
Inlet pressure 1.4 [bar]
Pressure ratio 1.4 [-]
Mass flow rate 11.5 [kg/s]

The turbine code with DASM predicts an efficiency of 86.75% for the large turbine, with a nozzle pressure
loss of 0.1127 and a rotor pressure loss of 0.1865. The clearance loss contributing to the rotor loss is 15% and
the predicted leakage fraction through the shroud is 1.5%. The outputs of the model are compared to CFD
in table 4.5. It can be seen that the model over predicts the pressure loss in the nozzle by 19.8% and for the
rotor even 28.4%, while the predicted leakage fraction is under predicted by 5%. Nevertheless, the efficiency
predictions for this turbine are not far off with an error of 3.3%.

Table 4.5: Comparison of performance parameters of a larger turbine from literature, model prediction versus CFD

Parameter DASM CFD Deviation
Mass flow rate [kg/s] 11.5 11.7 1.7%
Leakage Fraction [-] 0.0146 0.0153 4.8%
Nozzle pressure loss [-] 0.1127 0.0904 -19.8%
Rotor pressure loss [-] 0.1865 0.1355 -28.4%
Efficiency [%] 86.75 89.6 3.3%

When using the nominal loss model of Dunham&Came the rotor loss now becomes 0.2230, which is a 20%
increase from the predicted loss of the DASM model. Where the clearance loss now contributes 28% to the
total pressure loss, almost doubling the amount of clearance loss. Behr compared the predicted pressure loss
from Dunham&Came to the measured pressure loss of the turbine and found the loss model overpredicting
the losses by 30.2%.
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4.3. SOLUTION SPEED
There is a drawback in the implementation of the model and it is focused on the implicit nature of the calcu-
lation of the leakage rate through the shroud. This effect is strengthened by the iterative nature of all bulk flow
models which are used. The work station on which the meanline design program is run in MATLAB 2019b has
a CPU clock speed of 1.8 GHz and 16 GB of ram. On this work station the mean line program can calculate 3
turbine designs in one second with the DASM. When the clearance loss model of Dunham&Came is used, a
total of 20 turbine designs can be reached in one second.

The drawback thus is speed, which is an important aspect of preliminary design tools in order to explore
wide design spaces. The model not only must iterate over the mass flow rate in order to satisfy the outlet
boundary condition, but it also iterates within the BFM for the labyrinth seal which is used for the inlet and
outlet of the shroud. Each iteration takes time and the more iterations that are needed, the more time it
costs to solve the model. For the solution procedure of the BFMs there is only so much that can be done as
their solutions steps were not determined by the author of this thesis. The solution procedure for the DASM
model however, has been carefully assessed. There are two major factors influencing the solution speed of
this model, the first being the initial guess mass flow rate and the second being the updating scheme of the
mass flow rate.

The mass flow rate that flows through the shroud as a leakage rate is hugely determined by the sealing
configuration, turbine size and pressure drop. To get a first estimate the often quoted 1% leakage rate of the
total mass flow rate was used. However, as the turbine is smaller the leakage rate is higher leading to long
solution times a number of 5% was found to be more suitable. Unfortunately, this high number suitable for
labyrinth seals is far of from the actual leakage through a brush seal, such that in the case of a brush seal an
initial guess off 1% is recommended again.

The solution scheme of the whole model is currently solved as the following: increase the mass flow rate
by 1% when the calculated pressure is higher than the boundary condition and decrease the mass flow rate
by 1% when the calculated pressure is lower than the specified boundary condition. This updating process
is by no means optimized or the best method to solve this. A faster method might deploy a larger or smaller
incremental step size based on the absolute error between the pressures.

4.4. SENSITIVITY ANALYSIS OF THE DASM MODEL
Several studies did numerical and experimental analysis on the effects of shroud geometry variations on leak-
age rate and turbine efficiency. With the help of the newly developed model, it is shown how these geomet-
rical variations affect the turbine design in a preliminary design state. In addition to this, general design
guidelines are given that minimize the shroud leakage flow by altering geometrical parameters of the used
seal on top of the turbine shroud. In order to propose the design guidelines, a sensitivity analysis is done on
parameters influencing the shroud design, including inlets and outlets. From this, conclusions can be drawn
on what are important parameters and how the seals compare to each other. In previous chapters, it could
be seen that the inlet and outlet of the shroud played a large role when dealing with labyrinth seal systems
on top of the shroud. This chapter sets out to see how different geometrical parameters further influence the
leakage rate through the shroud seal for the reference turbine case.

Section 4.4.1 highlights the input parameters of the model used throughout this chapter. Thereafter a
sensitivity analysis is done on the annular seal in section 4.4.2, the labyrinth seal in section 4.4.3 and the
brush seal in section 4.4.4. At the end of the chapter, section 4.4.5 discusses the design guidelines for shroud
designs for small turbines.

4.4.1. COMMON INPUT PARAMETERS
The reference turbine presented in section 3.1 is used throughout this chapter, to investigate the best practice
to design a shroud of a small axial turbine. The size of the shroud to place sealing systems is the length of the
axial chord of the rotor blade plus a 0.5 mm extension in both direction, for manufacturing convenience.
It uses the tip rotor inlet pressure and the average rotor outlet pressure. The pressures encountered at this
position are 1.0017e7 Pa and 9.2536e6 Pa respectively. The radius at the inlet of the rotor passage is 0.0234 m
and at the outlet 0.0235 m. The total axial length to place sealing systems is 0.0055 meter or 5.5 mm. The inlet
temperature is 1001 K and the fluid is decomposed hydrogen peroxide. In this case, there is the possibility to
apply the annular, labyrinth or brush seal on top of the shroud to minimize the leakage rate. Note that this
is slightly different than using the model for a whole new design as in this case the flow angles stay the same
and only leakage rate is assessed.
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4.4.2. ANNULAR SEAL
The design of the labyrinth sealed or annular sealed shroud is the most simple approach. In this case, the
annular seal is adopted, which ensures a tight clearance between the shroud and the casing. The smallest
clearance is dictated by rotor growth due to heat and centrifugal forces acting on the shroud. Furthermore,
there are the inlet and outlet cavity width, which act as seals if chosen sufficiently small. The seal length is
the length of the shroud on top of the blade. The seal length can thus only be changed a little however, to
investigate some influence of the seal length it can be altered by shortening the overhang introduced. The
length of the seal varies between 4.5 mm and 5.5 mm. In this section, the effect of the geometric shroud
parameters is investigated when an annular seal is applied in the case of the reference turbine.

Figure 4.14 shows the mass flow rate variation when the inlet width and outlet width are altered in the case
of the base annular seal on top. It can be seen that the mass flow rate flattens out earlier when the inlet cavity
width is increased, when compared to the outlet cavity. Meaning that keeping the outlet cavity width smaller
would be more beneficial. Although, the best would be minimizing both as when the inlet and outlet cavity
both grow the leakage rate increases rapidly and flattening out as seen in previous chapters is not happening.
This Indicates that the inlet and outlet widths are still the limiting factors in this case.

Figure 4.14: The effect of the inlet and outlet cavity width on the leakage rate through the shroud of the reference turbine using an
annular seal.

The influence of the seal length on the leakage rate through the annular seal of the shrouded turbine can
be seen in figure 4.15. Increasing the length of the seal from 4.5 mm to 5.5 mm reduces the leakage rate in a
linear trend however, the reduced leakage rate is very small, a reduction of only 0.5%.

Figure 4.16 shows the mass flow rate through the shroud as a function of the clearance of the straight
annular seal. When the clearance is very tight, 0.15 mm, the annular seal is dominant, while as the clearance
increases most of the pressure drop happens again at the inlet and outlet and thus limiting the leakage rate.
Figure 4.17 shows the above described behaviour in more detail. On the x-axis the location number is plotted,
where 1 denotes the shroud inlet (labyrinth) 2 the annular seal and 3 the outlet (labyrinth) of the shroud. On
the y-axis the pressure drop across the seal is displayed, the more negative the value is the larger the registered
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Figure 4.15: The effect of length of the annular seal on leakage rate through the shroud of the reference turbine.

pressure drop. Whenever the pressure drop at station 2 is larger than at station 1 and 3 (the inlet and outlet)
it thus means that the annular seal is dominant. For the clearance of 0.15 mm this is clearly the case and
still holds for the 0.2 mm clearance gap, when the clearance is 0.25 mm or higher the inlet and outlet both
contribute more to the pressure drop and thus leakage reduction than the annular seal does. Already at a
clearance of 0.5 mm the annular seal becomes only marginally effective, indicating that an annular seal is
only beneficial when a very tight clearance gap can be ensured.
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Figure 4.16: The effect of clearance of the annular seal on
leakage rate through the shroud of the reference turbine.
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Figure 4.17: The pressure drop that happens at which
location in the shroud system for the reference turbine with

an annular seal, for changing seal clearance.

4.4.3. LABYRINTH SEAL
In this section, the annular seal on top of the shroud is replaced with a labyrinth seal. In the case where the
clearance between the labyrinth seal and the shroud is altered only one fin is used. The axial length on top of
the shroud is 5.5 mm and determines together with the spacing between fins the maximum amount of fins
that the seal can use.

Figure 4.18 shows that both the inlet and outlet cavity width have a significant effect on the leakage rate
through the seal, with little difference on which one is minimized. Figure 4.18 also shows that the best com-
bination exists when both cavity widths are minimized, this agrees with findings by Rosic et al. [49]. Similar
behaviour could be found that after increasing the cavity width higher than a certain threshold they stop act-
ing as seals and further increasing their width only marginally increases the leakage rate through the shroud.

In figure 4.19 the response can be seen when the number of fins on the top is altered and the spacing is
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changed. The influence of the number of teeth on the mass flow rate through the seal is large. While spacing
changes the mass flow rate little, indicating that it would be more beneficial to reduce spacing such that
more fins can be placed. Although the effect of more fins also reduces, around 4 fins the contribution of the
additional fin becomes smaller.

Figure 4.18: The effect of the inlet and outlet cavity width on
the leakage rate through the shroud of the reference turbine.

Figure 4.19: The effect of the number of teeth and spacing of
the seal on top of the shroud on the leakage rate through the

shroud of the reference turbine.

The clearance of the actual seal is varied from 0.15 mm to 1 mm in order to see how that influences the
leakage rate. Figure 4.20 shows this effect, it can be seen that here as well the influence on the leakage rate
becomes less when the clearance increases. At this point, the inlet and outlets start to do all the sealing and
are the limiting factors for the mass flow rate through the shroud.

Figure 4.21 shows the increase in shroud height on the x-axis and the mass flow rate on the y-axis. A linear
increase can be seen for the mass flow rate when the shroud height is increased with constant clearance
between the fin and the shroud, the effect is however very small. The shroud height is influenced by what can
be manufactured, but ideally would be as small as possible. This will not only help with reducing the leakage
rate but also with keeping the added shroud weight to a minimum and thus also reducing stresses in the rotor
blades.
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Figure 4.20: The effect of the clearance height of the fin on
top of the shroud on the leakage rate through the shroud of

the reference turbine.
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Figure 4.21: The effect of shroud thickness on the mass flow
rate through the turbine.

4.4.4. BRUSH SEAL
In the case of the brush seal, the labyrinth seal is replaced with a brush, the inlet and outlet widths stay the
same and are thus approximated with labyrinth seals. The brush seal is not as customizable as the annular
seal and labyrinth seal, as it is more complicated to manufacture and thus will often have to be bought from
a supplier. Nevertheless, the designer usually has some room for customization which includes the: 1)brush
thickness, 2) the backing ring clearance, 3) the wire diameter, 4) bristle lay angle and 5) bristle density. The
brush thickness and backing ring clearance are parameters that directly influence the pressure drop, and
thus leakage rate, through the brush seal. While the wire diameter, the bristle lay angle and the bristle density
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influence the leakage in a secondary way by altering the resistance variables through the changing porosity.
So the 5 parameters can be reduced to 3 independent parameters: wire diameter, seal length and porosity
(which includes bristle density and lay angle).

Increasing the backing ring clearance enlarges the area through which mass can flow. The clearance with
the backing-ring is needed to prevent shaft run-ins damaging both seal and rotor. Figure 4.22 shows that
in the case of the brush sealed shroud, increasing the backing ring clearance has a linear influence on the
leakage rate through the shroud. There is no indication that the inlet and outlet cavity width start influencing
the mass flow rate through the shroud over a backing ring clearance range of 0.1 mm to 1 mm, this can also
be seen in figure 4.23 where all pressure drop happens over the brush seal at station 2.
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Figure 4.22: The effect of the clearance of the backing-ring on the
mass flow rate through the shroud of the reference turbine

sealed with a brush seal.
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Figure 4.23: Pressure drop over each sealing point in the turbine
shroud sealed by a brush system. Station 1: inlet, station 2: brush

seal and station 3: outlet.

Figure 4.24 plots the mass flow rate through the shroud with a brush seal against the thickness of the
brush seal with a constant porosity of 0.3. It can be seen that the thicker the brush seal is the less leakage
flow through the shroud, although the effect of using a thicker brush on reducing leakage rates becomes less
significant. Figure 4.25 shows the effect of the porosity of the brush seal on the mass flow rate. The lower the
porosity the lower the leakage of the seal, which makes sense as the porosity is defined as the amount of fluid
volume. The increase in mass flow rate follows a quadratic trend for an increase in porosity.

The effect of the inlet and outlet width on the shroud can be seen in figure 4.26, clearly indicating that
only when a very tight tolerance can be realised they contribute to the reduction of the leakage rate of the
seal. However, even with the tight clearance the reduction is marginal. This proves that especially when inlet
and outlet cavities size can not be limited it the usage of the brush seal is very beneficial.
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Figure 4.24: The effect of the brush thickness on the mass flow
rate through the shroud of the reference turbine sealed with a

brush seal at a constant porosity of 0.3.
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Figure 4.25: The effect of the brush thickness on the mass flow
rate through the shroud of the reference turbine sealed with a

brush seal at a constant porosity of 0.3.
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Figure 4.26: Influence of inlet and exit clearance widths on the leakage rate through a brush seal turbine shroud

4.4.5. DESIGN GUIDELINES
In this section, a short overview will be given of the findings above and will be condensed to some best prac-
tices. In the chapters above the guidelines can be found for each case separately, while here the general best
practises can be found.

When simplicity is most important it is still recommended to incorporate some form of labyrinth seal over
the annular seal. Even with one fin, the labyrinth seal outperforms the annular seal with respect to leakage at
the same rotor clearance and the same inlet and outlet shroud widths. Especially important is the flattening
in the mass flow rate when the inlet and outlet widths are increased.

Whenever very good sealing is required for minimum leakage and additional costs can be made the brush
seal is the recommended choice. Inlet and outlet width have little influence on the seal performance, so no
limits have to be reached to ensure good sealing of the shroud. The larger tolerance in front and at the back
of the shroud can possibly prevent run-ins at transient conditions.

In general, it is best to where ever a clearance exists to minimize it as far as possible within manufacturing
constraints. Shroud height has little influence on the leakage through all seals, thus it is recommended to
choose an acceptable limit relatively thin to reduce weight and stresses in the turbine blades. The longer
the seal the more sealing systems that can be added, i.e. fins, thus ensuring lower leakage rate through the
shroud, however making large shrouds does not make sense with respect to weight.

4.5. DISCUSSION
There are still two unresolved issues related to the model. 1) There is an unaccounted pressure drop at the
inlet of the seal when leakage rates are higher (not present in the case of the brush seal). 2) The higher pressure
at the exit boundary can not be calculated as of yet, as it is caused by the shroud itself. For these issues, no
solution was found within the time frame of this thesis. Nevertheless, the model predictions do predict the
trend line, which is of main interest for a preliminary design tool.



5
CONCLUSIONS

At the beginning of this thesis, a research objective together with 4 research questions were formulated. The
questions helped achieving the goal of numerically assessing the impact of advanced sealing models placed
on top of small shrouded turbines on the efficiency at a preliminary design stage. The work that was done
throughout this thesis provides answers to these 4 questions and are answered below along with a summary
of the completed work to get to the answer.

• How can the seal leakage equations be combined with existing loss models?

The seal leakage equations can be used with the existing loss model of Dunham&Came by using Den-
ton’s clearance loss equation and converting that to a pressure loss. Denton’s leakage equation takes a
leakage rate as an input, which is an output of the seal leakage equations. In order for the seal leakage
equations to give satisfactory results for shroud flows, the inlet and outlet width of the shroud need to
be taken into account. It was found that due to similar flow structures labyrinth seal models can predict
the pressure drop of the inlet and outlet cavity. The leakage equation of the subsequent shroud seal is
then placed in between the labyrinth seal approximating the inlet and outlet cavity width. The leakage
rate is calculated in an iterative manner for this sealing system, where the mass flow rate and pressure
drops are passed on to the next seal until the calculated outlet pressure matched that of the boundary
condition.

• How accurate can seal leakage equations predict the amount of leakage flow through a shroud seal
configuration?

For the two thoroughly tested single finned labyrinth seal and brush seal on the reference turbine the
predictions of the model compared to CFD was at most 32.3% and 14.3% respectively. However, for
the labyrinth seal, for cavity sizes of 0.25 mm and smaller, the error was below 10%. It was shown that
when the pressures in front and after the seal on top of the shroud were exactly matched the leakage
rate through the seal was matched within 3% For both the labyrinth seal and the brush seal the trends
of leakage rates were predicted well.

• How accurate are the efficiency predictions of the combined seal leakage equation and existing leak-
age models?

How accurate the efficiency predictions are of the developed model was tested against 4 turbines de-
signed with the new clearance loss activated in the meanline design model and compared to CFD. 3
of those turbines were of the size of the reference turbine, while 1 bigger turbine was reproduced from
literature.

– The first designed turbine used a one finned labyrinth seal on top of the shroud and the differ-
ence in efficiency was 5.6%. To compare also the existing loss model the predicted rotor pressure
losses were compared: the new model overpredicted the loss by 13.2% and the loss model of Dun-
ham&Came over predicted the loss by as much as 50.2%.

– The second turbine had a brush seal placed on top of the shroud, the design program over pre-
dicted the loss by 5%. No comparison could be made with Dunham&Came as their loss model
does not include an option to predict clearance losses for brush sealed shrouds.
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– This time the shroud was sealed by a 4 finned labyrinth seal and predicted efficiencies differed by
3.5%.

– The larger turbine from literature used 2 fins to seal the shroud. The difference in efficiency be-
tween the model prediction and CFD was 3.3%.

• What is the best configuration for the small turbine of Dawn Aerospace in order to reduce leakage
rate through the shroud?

From the sensitive analysis performed on a shroud of the reference turbine with respect to leakage rate
the following conclusions could be drawn to minimize the shroud leakage rate:

– The brush seal is the most effective seal placed on top of the shroud among the investigated seal-
ing solutions. Especially when the backing ring clearance of the seal can be kept small and the
porosity low.

– When an annular seal or labyrinth seal is used, the inlet and outlet width of the shroud can sig-
nificantly improve sealing performance of the shroud. The widths should therefore be as small as
possible.

The development of this model provides a basis for future design work of a turbine with a sealed shroud
configuration. The ability to include brush seals (or any other seal for which a leakage equation is available)
is a novel development in the field of turbine loss modelling. However, it is one that was due course as the
turbine designs are moving away from the 80’s design points, including the usage of more advanced seals.
Furthermore, the size of the presented turbine is of a special case and might be useful for other designers
dealing with the issues unique to the development of small axial turbines.

5.1. RECOMMENDATIONS FOR FURTHER WORK
The thesis had to be done in a limited time frame, this meant that by no means the development of loss
models is completely finished. A few topics that would be influential might not have been covered to the
complete extend or not touched at all, some suggestions are given below:

• Conduct an experimental test campaign to assess the efficiency of the small shrouded turbines with
seals to provide experimental validation data. It would be wise to make the seals used on top of the
shroud interchangeable such that a wide variety of data can be obtained.

• Investigate the effect the contact between the brush seal and the shroud has on performance.

• Further investigate the discrepancies of the model at the inlet and outlet pressures to improve predic-
tion accuracy.

• Investigate the effects on rotordynamic performance by the introduced seals, focus especially if the
BFM could be used to give an indication of the rotordynamic performance.

5.2. RECOMMENDATIONS ON WHOLE TURBINE DESIGN
The previous section focused on the recommendation directly of importance to the model. During the thesis,
some other topics were touched that were left out as they were outside the scope of this thesis. To further
increase the preliminary design prediction accuracy the following suggestions are made:

• Further investigate the cause of the discrepancy in nozzle pressure loss. It is believed that the nozzle
loss is over predicted by the turbine code due to the low thickness over chord ratio, which is outside the
limits suggested by the loss model. Either find a method that is suitable for the prediction of losses on
thin blades or find a method to thicken the nozzle blades.

• Investigate the effect of blade roughness for 3d printed the blades of these small-sized turbines. The
author suggests to perform cascade tests for the small blades and determine the loss coefficients for
representable blades developed by Dawn Aerospace.
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A
ANNULAR SEAL MATRIX

The matrix A.1 is the system of equations in matrix form that is solved for the annular seal bulk flow model.
0 − Pc

ρ0l −uz0
l 0

0 0 0 −uz0
l
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B
LABYRINTH SEAL MODEL TEST

To determine whether there exists a more suitable combination of KE and CF coefficients, the BFM with all
possible combinations is tested against several seal experiments performed by Eldin and Picardo. The seals
constitute of the previously explained seal set A of Eldin only now also using set 2 and 3, indicating the usage
of 4 and 6 fins respectively. Seal B of Eldin is also used and has an inner radius of 50.9 mm and a radial fin
clearance of 0.1016 mm with the rotor. Of seal set B seal No. 1, 5 and 12, where seal No. 1 and 5 both have
4 fins and No. 12 uses 6 fins. The other difference between the seals is in the spacing between the fins, No.
1 had a 12.7 mm spacing and seal No. 5 and 12 have a 3.2 mm spacing. The seal set of Picardo has a inner
radius of 57.35 mm and seal set A has a clearance of 0.2 mm, while seal set B has a clearance of 0.1 mm. The
spacing between the 20 fins is 4.3 mm. Picardo uses air as the working fluid at 293 K, the inlet pressure at the
seal is 71 bar and the outlet pressure varies from 11 to 36 bar. To be able to compare the differences in error
of the models with the experimental data the absolute mean error over the pressure ratio range is taken.

The combination of equations proposed by Childs (presented in section 3.2.2) or Eldin show varying
agreement with different experimental data sets. The leakage rate seems to be influenced by other geomet-
rical parameters that are not included in the models. For example Childs’s proposed combination has less
error on seal set B then Eldin, but still a very large discrepancy exists with the experimental data. For the HP
seal Eldin outperforms Childs on both set A and set B, where less error occurs on set A. Due to these fluc-
tuating performances all possible combinations of the equations (see table B.1) are tested on the available
data, to see if any other combination shows a more promising result on all the data sets available. The above
described process is presented in more detail in appendix B.

Table B.1: All possible combinations for the labyrinth seal BFM implemented in the code.

model number Flow Coefficient
kinetic carry over
coefficient

Leakage equation

mod 1 Eser Neumann Neumann
mod 2 Eser Hodkinssion Neumann
mod 3 Eser Vermer Neumann
mod 4 Eser Kurihashi Neumann
mod 5 Eser None Neumann
mod 6 Chaplygin Neumann Neumann
mod 7 Chaplygin Hodkinssion Neumann
mod 8 Chaplygin Vermer Neumann
mod 9 Chaplygin Kurihashi Neumann
mod 10 Chaplygin None Neumann
mod 11 None Neumann Neumann
mod 12 None Hodkinssion Neumann
mod 13 None Vermer Neumann
mod 14 None Kurihashi Neumann
mod 15 None None Neumann
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Table B.2: Average errors over the pressure ratio’s of comparison between experimental data and the various combinations for the
labyrinth seal BFM.

A1 A2 A3 B1 B5 B12 HP A HP B
mod 1 18.6 10.4 14.3 33.9 75.5 49.9 18.0 61.0
mod 2 17.1 7.2 10.7 38.0 80.6 55.2 13.5 69.8
mod 3 22.2 21.6 27.6 26.5 50.3 22.9 33.7 30.0
mod 4 9.9 7.3 14.3 3.9 86.4 52.5 22.1 52.9
mod 5 29.4 28.9 34.3 22.4 32.8 11.3 39.7 18.3
mod 6 15.5 15.6 21.9 24.7 63.2 35.5 28.8 40.0
mod 7 15.2 12.6 18.7 28.4 67.9 40.2 24.9 47.7
mod 8 19.0 26.1 34.0 17.7 39.8 11.6 42.5 13.1
mod 9 15.9 12.4 21.6 24.6 74.4 38.9 32.2 33.9
mod 10 26.5 33.0 40.1 13.9 23.5 9.6 47.7 2.9
mod 11 14.8 25.1 19.6 86.9 145.0 109.3 14.6 124.8
mod 12 16.0 29.5 24.6 92.7 152.1 116.7 20.9 137.1
mod 13 12.7 9.9 7.4 76.6 109.8 71.6 7.5 81.6
mod 14 26.1 27.0 17.4 86.4 152.4 106.5 6.9 109.8
mod 15 9.8 2.9 8.3 70.8 85.3 51.6 15.8 65.2
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