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ABSTRACT

Turbomachinery sealing technology is concerned with the crucial tasks of
maintaining pressurized regions, leakage control, cooling control, purge flow, and
axial force balance. Thus, advances in sealing technology have considerable impact
on overall turbomachinery performance, decreasing operational costs, fuel
consumption, and NOx emmisions. Cloth seals as a new stationary seal have been
used as an alternative to thick metal shim seals to reduce leakage rate and increase
wear life. The cloth seal includes one or more metallic-cloth fibers (cloth weave) and

a thin metal shim.

Measuring actual cloth seal leakage proves difficult with challenging turbine
operating conditions. Modeling the flow through the complex weave voids among
each warp and shute fiber involves a very complex flow structure, extensive effort,
and high CPU time. Therefore, a bulk porous medium flow model with flow
resistance coefficients is applied to the model cloth seal weave fibers. CFD analyses
need leakage data depending on the pressure load to calibrate flow resistance
coefficients. A test rig is built to measure leakage of cloth weave with respect to the
pressure load and weave orientation in four directions. The Sutherland-ideal gas

approach is utilized to determine the flow resistance coefficients for Dutch twill



metallic-cloth fibers as a function of pressure load. Moreover, equations to calculate
the porosity of plain and twill weave are developed and compared with available data.

Literature reviews indicate that available published data about cloth seal
leakage performance are not adequately detailed to derive a closed-form equation
defining the relationship between seal design parameters and cloth seal leakage
performance. In an effort to fill this gap, the effect of geometric parameters under
varying pressure load on the cloth seal leakage performance has been investigated in
this study. In order to reduce the number of parameters to a manageable size, some of
the parameters are fixed and excluded from the experimental design based on the
studies in the literature. The remaining eight parameters are included in the screening
experiments. Their levels are determined to cover typical application ranges.
Parameters, which have a major impact on leakage rate, are determined in the
screening experiments, and analyzed in the main experiments. A closed-form
equation is derived based on the data and presented in this study. Leakage rate trends
with respect to levels of each parameter are examined. In order to conduct leakage
tests of screening and main experiment designs, several cloth seal designs are

manufactured, and another custom test rig has been designed.
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OZET

Turbomakinalarda sizidirmazlik teknolojileri basingli alanlarin korunmasi,
sizdirmazlik ve sogutma kontrolii ve eksenel kuvvetlerin dengelenmesi ile iligkilidir.
Bu sebeple s1izdirmazlik teknolojisindeki gelismeler toplam turbomakina verimliligi,
operasyonel giderler, yakit tiikketimi ve NOx emisyonu agisindan oldukg¢a 6nemlidir.
Orgii keceler sizdirmazlik performansini iyilestirmek ve asinma omriinii uzatmak
amactyla geleneksel kat1 dolgu kecelere yeni bir alternatif olarak kullanilmaktadir.
Orgii kegeler bir veya birden fazla metalik 6rgii katman ile ince bir metal dolgudan

olusmaktadir.

Cok yiiksek sicaklik ve basing sebebiyle tiirbin calisma kosullarinda orgii
kecenin sizdirmazlik performansinin incelenmesi oldukc¢a zordur. Fiberler arasindan
gecen akis oldukg¢a kompleks bir yapiya sahiptir. Bu sebeple bu akisin modellenmesi
icin agir1 ugras ve ¢ok yliksek CPU zamani gerekmektedir. Fiberler arasindaki akigin
modellenmesi i¢in gdzenekli ortam akis modeli ve bu modelde tanimlanan akis direng
katsayilar1 kullanilmistir. Bu modeldeki akis direng katsayilarinin farkli basing yiikii

altinda Hesaplamali Akiskanlar Dinamigi (HAD) analizlerinde korelasyonunun

Vi



saglanmasi gerekmektedir. Bu sebeple farkli basing yiikii altinda ve farkli orgii
yonlerinde fiberler arasindaki debi miktarinin incelenmesi icin bir test sistemi inga
edilmistir. Dutch twill 6rgii tipindeki fiberlerin akis direng katsayilariin farkli basing
yukleri altinda belirlenmesi i¢in Sutherland-ideal gaz yaklasimi olusturulmustur.
Ayrica farkli orgli ¢esitleri {izerinde gozenekliligi hesaplayan denklemler

bulunmustur.

Halihazirda bulunan veriler tasarim parametreleri ile sizdirmazlik performansi
arasinda bir kapali-form denklem elde edilmesi i¢in yeterli olmamaktadir. Bu
eksikligin giderilmesi amaciyla bu calismada geometrik parametrelerin degisken
basing yiikii altinda statik kece sizdirmazlik performans: {izerindeki etkisi
arastirilmistir. Parametre sayisinin inceleme yapilabilecek uygun seviyeye azaltilmasi
icin ¢esitli parametreler literatiirdeki c¢alismalar gz o©niinde bulundurularak
sabitlenmistir. Incelenmek i¢in secilen sekiz parametre tarama deney tasarimina dahil
edilmistir. Parametrelerin seviye araliklar1 tipik uygulama araliklarina gore
secilmigtir. Sizdirmazlik {lizerinde 6nemli etkisi olan parametreler tarama deney
tasariminda belirlenmis ve bu parametreler ana deney tasariminda analiz edilmistir.
Deneyler sonucunda bir kapali-form denklem elde edilmistir. Parametre seviyelerine
gore sizdirmazlik miktarindaki degisimler ortaya ¢ikarilmistir. Tarama ve ana deney
tasarimlarinin gerceklestirilmesi icin ayrica bir test diizenegi tasarlanmis ve birgok

orgii kege tasarimai tiretilmistir.
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1 INTRODUCTION

Gas turbines operate with high pressure and temperature for higher power. The
efficiency demands for gas turbine technology require detailed research on understanding
and development for any piece of the turbine. The efficiency is increased by lower leakage
rate of flows, new manufacturing methods, new material technology, superior cooling
systems, etc. Secondary leakage flows have huge impact on overall turbine performance.
Seals are applied to decrease leakage flows in turbines, and they are also important for
controlling rotor dynamic stability in transient conditions. Therefore, high-performance
seals are required to meet efficiency demands. Inefficient sealing results in more power
consumption by the compressor, and reduces the temperature of the main hot gas flow
due to cold parasitic leakage flow [1]. Advances in sealing technology have a

considerable impact on decreasing operational costs, fuel consumption and emissions.

The types of seals in turbomachines are grouped in Figure 1.1. Turbomachinery
sealing takes place not only between rotating and stationary components but also between
stationary components. Leakage mass flow reduction between stationary components is
one of the key objectives for gas turbine performance studies. Some static seal locations
are shown in Figure 1.2 and Figure 1.3. Static seal are applied between can-annular

transition ducts, nozzles, shrouds etc.

TYPES OF SEALS
STATIC SEALS DYNAMIC SEALS ADVANCED SEALS

1.  Metallic seals 1.  Tip sealing 1. Finger seal
2.  Metallic cloth seals 2.  Abradables 2. Non-contacting finger seal
3. Cloth and rope seals 3. Labyrinth seals 3. Leaf and wafer seals

4.  Brush seals 4.  Hybrid brush seals

5.  Face seals 5. Aspirating brush seals

6.  Oil seals 6. Micro-dimple

7.  Buffer sealing 7.  Wave interfaces

8. Honeycomb seals 8.  Seal bearing

9. Rim sealing

Figure 1.1: Typical seal types and groups in the turbomachinery industry [2]



Shroud Inter-segment Cloth Seals

Nozzle Inter-segment Cloth Seals

Nozzle-Shroud

TP-FSN Cloth Seals Inter-stage Cloth Seals
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\

Figure 1.2: Cloth seal applications in a gas turbine

Transition Duct Side Seal Slot

Inner Seal Outer Seal
Plate Representing FSN

Figure 1.3: Cloth seal applications at Transition Duct — First Stage Nozzle Junction [3]
Previous studies show that approximately one-third of the total stage efficiency is

determined by the leakage rate in the clearances of turbomachines [4],[5] Leakage

performance of a seal is related to leakage rate which is defined as mass flow rate that



leaks through the seal. In turbines, seals are usually applied to minimize mass flow rate.

Therefore, leakage performance becomes better if mass flow rate is decreased.

Metallic solid plate seals are static sealing elements which involve thick metal shim
that can be configured in many ways. Metallic solid plate seal technology has been
developed over decades. However, this traditional metal shim seals are inadequate to meet
the requirements in terms of wear, compliancy, and leakage when adjacent components
significantly move in axial and radial directions due to manufacturing tolerances,
assembly tolerances, vibration or thermal expansion [6]. Due to high stiffness, the
bending of a thick solid plate is limited. Therefore, thick solid plate seals cannot flex and
close the clearance between seal surface and slot surface under offset and mismatch
conditions. Such seals contact locally with slot surfaces, leading to local wear and
crucially worsening leakage performance. Thinner solid seals provide better compliance.
However, sacrificial wear volume which is needed for long life, is diminished due to low
thickness. In order to eliminate the limitations of metallic solid seal, new metal cloth seals
are investigated [7]. Cloth seal is an answer to reduce leakage rate and increase wear life
as an alternative for metallic solid seals. It can be applied between stationary components
(combustors, nozzles, shrouds, diapragms) of gas turbines and packing ring segmented
end gaps of steam turbines. A previous study [8] shows that cloth seal delivers %70
leakage reductions in nozzle segments and up to %30 in combustors. Nozzle-shroud cloth
seal applications enhance %0.5 output performance and decrease %0.25 heat rate of an
industrial gas turbine [8]. Service life is also extended with flexible cloth seals by at least
%50 [3].

Applications of cloth seal reduces leakage rate and allows compliancy. Flexibility
of cloth seal leads to reduce local wear rate, and damp forces due to assembly tolerances
or oscillations on the rotor. Cloth seal is an innovative technology and it is preferred rather
than metallic solid seal in critical regions of turbomachines due to superiority in the aspect
of leakage performance and wear life. In combustion laboratory tests, cloth seals serve
30-35% reduction in leakage which means more air for combustion and less NOx
emissions [3]. A previous study [9] reveals that the cloth seal leaks 65% less than rigid
seals under baseline conditions and %77 less than rigid seals when subjected to
offset&mismatch conditions. In another study (Figure 1.4), leakage performance

improvements are illustrated for both baseline (zero offset and zero mismatch) and



offset&mismatch conditions [10]. In Figure 1.4, the equivalent gap is a representative gap

that decreases with better sealing performance.
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Figure 1.4: Normalized equivalent gap of different Nozzle-Shroud intersegment seals (rigid seal

versus cloth seal) [10]

1.1 Cloth Seal Structure

The cloth seal includes one or more cloth layer and thin shim metal. Several designs
are proposed in the literature and patents. Cloth seals are shaped by combining thin sheet
metals (named as shims) and woven cloth metal layers. Shim eliminates direct leakage
and provides structural strength, while cloth weave enables additional wear volume
without contributing stiffness significantly [8]. Metal shims are bent to create right and
left tabs, therefore, choking flow interfaces are occurred between the tab and turbine slot.
As a result of that, fluid cannot escape easily from lateral gaps. A single or pack of cloth
layers may be placed on upper or below side of metal shim. Shim and cloth layers are
held by spot welds. Although increasing the number of spot welds reduces the probability

of disintegration of cloth and shim layers, it leads to high stiffness and lack of flexibility.

Several high density cloth weave types are evaluated as shown in Figure 1.5. Plain
weave is the most basic weave form, which is woven by alternating shute fiber under and
over warp fiber. In twill woven fibers, shute fiber passes over and under a pair of warp

fibers. Plain Dutch woven fibers are woven with smaller fibers in the shute direction and



larger fibers in the warp direction. Dutch twill weave is a mixture of twill and Dutch
weaving where smaller-diameter shute fibers are woven by alternating two larger warp
fibers. In stranded weave, bundles of warp and shute metals pass over and under one

another. It increases the contact surface, therefore providing high wear performance.

Figure 1.5: Cloth weave options a) Plain Weave b) Plain Dutch Weave ¢) Twill Dutch Weave d)

Stranded Weave

A direction which has a 45° angle with both warp and shute directions, named as
‘diagonal direction’. Diagonal direction increases wear resistance and help mesh integrity
[11]. Due to this reason, experiments and CFD analyses are also done for diagonal

direction in this study.

Figure 1.6: Perspective view of a Twill Dutch metallic cloth weave [12]

Several materials (Haynes, Inconel, Waspalloy series) are available to manufacture

cloth and shim layers. Hardness, oxidation, tensile strength, melting point, thermal



expansion, thermal conductivity, creep, and fatigue resistance are the important
mechanical properties for material selection. Haynes 25 is selected for the metallic-cloth
fiber material. It is a cobalt-nickel alloy that provides good strength and oxidation
resistance at high temperature. The features of Haynes 25 are revealed in Table 1.1. For

high-temperature applications, Haynes 188 yields well as the shim material [11].

Material Property Value
Cobalt (51% ), nickel (10%), iron (3% max.),
chromium (20%), molybdenum (1% max.),
tungsten (15%), manganese (1.5%), silicon
(0.4% max), carbon (0.1%)

Nominal composition (weight percentage)

Density 9.07 g/cm3
Melting range 1330-1410 °C
Thermal conductivity 10.5 W/m- °C
Specific heat 403 J/kg- °C
Dynamic modulus of elasticity 225 GPa
Ultimate tensile strength 1015 MPa

Table 1.1: Specifications of Haynes 25 material at room temperature [13]

Since cloth seal is contacting seal, it is not suitable to be placed between rotating
and stationary components. It can be inserted between rotating components which have
no relative rotating motion. Depending on the sealing location, cloth seal may or may not
be fixed to turbine slots. In this study, it is applied between stationary components and
freely moving in slots. Figure 1.7 illustrates cloth weave and cloth seal structure from the
literature. Weave type, warp diameter, shute diameter, warp density and shute density,
number of layers, material are the parameters of cloth weave for selection. Warp metals
are placed in the middle of cloth weave while shute fibers wrap warp metals from the
upside and downside. Cloth weave can be manufactured with several mesh densities such
as 20 x 200, 20 x 250, 20 x 350, 24 x 110, 30 x 150 and 30 x 250 (number of warp fibers
per inch x number of shute fibers per inch). As illustrated in Figure 1.8, leakage
performance is compared for the aforementioned mesh densities at 206.8 kPad (30 psid)
and experimental results imply that better leakage performance is obtained with 30x250
mesh density than other tested weaves [10]. Chupp et.al [11] also emphasize that Dutch
twill weave with 30 x 250 fiber density per inch is the best cloth weave option for sealing

purposes.
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Figure 1.7: Cloth weave and cloth seal structure [14], [15]
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Figure 1.8: Equivalent gap comparison (normalized with cloth thickness) of various mesh densities
in diagonal direction at 206.8 kPad (30 psid) [10]

In cloth seal applications, fluid usually moves in the direction from upstream region
which has higher pressure to downstream region which has lower pressure. Different cloth
seal designs are illustrated in Figure 1.7 and Figure 1.9. Cloth weave merges with metal
shim via spot welds to protect the flexibility of seal. Other types of welding may also be
applied in edges of cloth weave and metal shim. Seam welding may be applied to weld
metal shims to each other if there is more than one shim layers are used. Metal shim is
usually bent from edges to generate tabs. Thick tabs reduce seal flexibility whereas thin
tabs may fail due to high stresses. Thicker cloth weave may weaken welding and decrease

compliancy while thinner weave has lower wear life.
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Figure 1.9: A cloth seal lay-up [9]

Figure 1.10 illustrates a representative cloth seal design that is used in the present
study. To choke the flow between the cloth seal and turbine components, metal shims are
bent at each edge to create tabs. A single cloth weave is located at the downstream side
of the shim to provide sacrificial wear volume. Another cloth weave is placed upstream

side of the shim to protect shim from damage under offset and mismatch conditions. Shim

and cloth layers are assembled by spot welds.
DOWNSTREAM
SHIMTAB CLOTH WEAVE

\
\
/ \

/ \

TURBINE

METAL SHIM UPSTREAM
CLOTH WEAVE SLOT

Figure 1.10: Cloth seal design used in the present study.

Fluid flow through the cloth seal is shown with red arrows in Figure 1.11. Flow
approaches from upstream to the area between lateral slot surfaces and shim tabs. Then it
is directed to the choking zone where the flow area is minimum. Once passed the choking



zone, flow is exposed to throttling between cloth weave and downstream slot surface, and

subject to resistance through voids inside the cloth weave placed near downstream.

CHOKING ZONE Piow

Phigh

Figure 1.11: Fluid flow through the cloth seal.

1.2 Main Issues in Cloth Seals

The main design issues in cloth seal applications are the misalignments, wear,
structural durability, and leakage performance. Therefore, novel cloth seal designs should
overcome crucial subjects as relative displacement, wear, stress, and leakage. In turbine
operating conditions, performance and life of the cloth seal are usually influenced by

mentioned phenomena below.

1.2.1 Relative Displacement

Adjacent turbine components may have a considerable relative displacement
between each other due to manufacturing tolerances, assembly tolerances, vibration, or
thermal growth. Such relative displacements may increase or decrease the distance
between turbine slots. The change of the gap between turbine disks is called as ‘gap
condition” which may squeeze the cloth seal or cause to fall down of cloth seal from the
cavity (Figure 1.12). Thermal expansion and contraction need to be handled during start
and stop process of turbomachinery. For these reasons, cloth seal length should be
selected correctly to handle transient turbine conditions. Gap condition caused by thermal
growth, vibration, or assembly problems.



Slots machined for cloth seal insertion may be out of alignment with each other, so
an offset occurs between the slots. This situation is named as ‘offset condition’ that may
result in excessive local stresses and cloth seal damage unless it is flexible. Offset
condition occurs due to vibration or relative thermal growth of adjacent turbine segments.

Gap and offset conditions in a seal slot are illustrated in Figure 1.12.

<«—Turbine Segment Displacement

[&]

Gap [

E Turbine Segment Displacement

}

I B IOffset

Figure 1.12: Turbine segments relative displacement conditions a) gap condition b) offset condition

There may be an angle between slots, especially for transition duct applications of
cloth seal. This is named as ‘mismatch condition” which may lead to lack of compliancy,
worse leakage performance, excessive local wear, or failure of cloth seal. Mismatch
condition may result from vibration, assembly tolerances or wrong assembly. The angle

between surfaces of two adjacent segments is shown in Figure 1.13.

Uneven thermal expansions generate valleys and peaks in a slot profile. In this
condition, cloth seal has wavy seating surfaces. A flexible cloth seal design can efficiently

operate in gap, offset, mismatch conditions and uneven seating surfaces.
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Angle between turbine segments

Figure 1.13: Turbine segments relative displacement: mismatch condition
1.2.2 Wear

Cloth seal is a static seal which has contact with surfaces unlike labyrinth, brush, or
leaf seals. As a result of pressure difference, it applies force to the surface. Due to
vibration, a relative motion occurs between cloth seal and turbine slot. Wear is inevitable
for cloth seal or other stationary seals. Woven cloth layers in the cloth seal provide
sacrificial wear volume without significant stiffness increase. Wear life of the design
should be higher than the duration between maintenances. Wear rate is equal to volume

loss over distance slid, is calculated with Archard’s Equation stated as:

AV = g1 1.1
- H ( " )
In Equation 1.1, K presents wear coefficient, Fn is normal force and H symbolizes

hardness of softer material. Both sides are divided with the contact area to get local wear
depth (W):
_ Wear Thickness Lost F,

. P
AW = Distance Slid N Kﬁ N Kﬁ (1.2)

P is the contact pressure. Both sides are multiplied with distance slide to get wear

thickness lost.

PL
AW = Wear Thickness Lost = KF (1.3)
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Equation 1.3 shows the wear thickness lost per sliding time. In order to find wear
thickness lost for a specified time, nominator is multiplied with total time whereas

denominator is multiplied with sliding time.

W = Total Wear Thickness Lost = Ki trotal = Kﬂ trotal (1.4)
Htgia H

V stands for sliding velocity and twta refers to the total time that measured wear

thickness. Equation 1.4 shows that higher pressure difference and higher sliding velocity

enhance wear thickness lost whereas higher hardness of softer material decreases wear

thickness lost. Ongun et. al. [16] developed an analytical model characterizing wear

behavior of woven structures to estimate wear life of metal cloth seals. They provide an

equation for total volume lost which gives the wear rate of metal cloth by conducting
Archard Equation [17,[18].

Wear profile in cloth seal is directly related to flexibility. Excessive local wear may
occur in a short time unless a proposed design is compliant. Moreover, cloth seal may
split into pieces as a result of local wear that leads to a dangerous situation since pieces
break from seal join main flow (burned gas) and hits turbine blades. Choking zone may
also be lost if uneven wear occurs. This situation has a negative impact on seal leakage
performance. A good design should serve a wide contact surface between the seal and
slot with the aim of distributing force to a wider area and declining contact pressure.

Figure 1.14: General Electric 7F gas turbine combustor cloth seal wear investigation after 12600

hours of service a) Floating cloth seal b) Mesh integrity with local cuts c) Inner seal d) Side seal [3]

12



1.2.3 Stress

Traditional metallic rigid seals are designs with high stiffness in order to solve wear
problems. Therefore, stress levels are high in harsh operating conditions. The advantage
of cloth seal is operating with high wear life and low stiffness rate. A good cloth seal
design is able to handle stresses result from pressure load, wavy seating surfaces, relative
displacements, and vibration. Pressure load applies the force on cloth seal and bending
stress occurs due to curved slot surface, vibration, offset and mismatch conditions.
Welding type and welding parameters also influence stiffness, hence designer should
carefully determine welding parameters. Excessive local stress levels cause to rupture of
welding or split of cloth weave. In conclusion, cloth seal design should prevent itself from

high local stress levels during harsh turbine operating conditions.

Dogu et. al. [1] determined the flow and temperature fields over the cloth seal. The
interesting result is that the cloth layer acted as a thermal shield protecting the shim from

overheating and excessive thermal stresses in addition to the known wear shield effect.

1.2.4 Leakage

Main aim for sealing application is to reduce undesired secondary leakage flow
which occurs in turbine blade tip, transition duct, etc. Several points reduce leakage
performance of the cloth seal design. The clearance between seal and seating surface
remains high unless the design is compliant. Another issue is uneven sealing surface due
to local wear. In this situation, valleys and peaks reveal in choking zone and flow leaks
from small spaces. Moreover, cloth seal may slide to one slot in offset condition. In this
condition, it may lost its contact with its adjacent slot. High pressure flow penetrates
spaces where the contact has been lost. These issues have a negative impact on sealing
performance of cloth seal, for this reason, the designer should consider all the issues.

In some applications, temperature of cloth seal and adjacent slots may increase if
leakage is blocked completely. Without any leakage, film cooling cannot be supplied. For

these reasons, there is a trade-off between cooling and leakage performance.
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1.3 Problem Statement

The sealing efficiency of the cloth seal is directly correlated with leakage
performance. Cloth seals have a complex structure with several design parameters which
influence leakage rate through cloth seal. For better efficiency, one should design seals
with minimum leakage during entire operating time. Therefore, studying, improving and

optimizing cloth seal designs are key to improve leakage performance.

Since the leakage through the cloth weave affects the overall cloth seal
performance, the three-dimensional flow in the cloth weave needs to be investigated by
testing and with flow modelling tools to constitute a cloth seal design tool. However,
modelling the flow through the complex weave voids among each warp and shute fiber
involves a very complex flow structure, extensive effort and high CPU time in terms of
not only leakage determination but also structural and wear analyses. Therefore, a bulk
porous medium flow model is applied to the model cloth seal weave fibers. Several
experimental studies were conducted, and equations were developed to detect the flow
resistance of a woven cloth [19]-[23]. However, these equations are limited with a mesh
type or they need correlated parameters with tests. Therefore, a correlation study with
experiments is needed. In this study, cloth weave is modeled as porous medium with
inertial and viscous flow resistance coefficients. Sealing performance is affected by these
coefficients since they have an impact on leakage rate. Porous medium flow resistance
coefficients are changing with respect to geometry, pressure, temperature etc. For this
reason, several methodologies (Bernouilli, pressure drop — velocity, Sutherland-ideal gas
approach, Ergun equation) are examined in this study to estimate flow resistance
coefficients. The present study investigates the accuracy of several methodologies to
calibrate porous medium flow resistance coefficients at different pressure loads.

Measuring cloth seal leakage rate subject to turbine operating conditions is
complicated. Due to the complex geometry of cloth weave, only applying analytical
equations are inadequate to obtain a performance chart. The complex structure of cloth
seal under pressure load and relatively offset position of mating surfaces, which not only
be considered flow analysis but also related to overall stiffness of the seal design. This
study provides a calibration of the flow resistance coefficients with respect to the pressure

and temperature; therefore, CFD analyses of the cloth seal is conducted with the
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calibrated resistance coefficients and operating clearance in turbine operating conditions.
Therefore, the leakage rate of the cloth seal is obtained without leakage tests in turbine

operating conditions.

Although several experimental and computational studies [1], [3], [7], [8], [9]. [10],
[16] have been published for cloth seals, their approach in determining cloth seal
performance cannot be fully explained with respect to the design parameters. There is no
published analytical formulation relating cloth seal leakage rates to design parameters.
Literature reviews indicate that available published data about cloth seal leakage
performance are not adequately detailed to derive a closed-form equation defining the
relationship between seal design parameters and cloth seal leakage performance. In an
effort to fill this gap, the effect of geometric parameters under varying pressure load on
the cloth seal leakage performance has been investigated in this study. Pressure load is
dominant operating condition that drives leakage rate. Compliant structures like cloth
seals may change shape under different pressure loads. Therefore, leakage performance
has been studied at different pressure levels. In order to reduce the number of parameters
to a manageable size, some of the parameters are fixed and excluded from the
experimental design based on the studies in the literature [10], [11]. The remaining eight
parameters are included in the screening experiments. Their levels are determined to
cover typical application ranges. Parameters, which have a major impact on leakage rate,
are determined and analyzed in the main experiments. Equations, test rig designs, analysis

models and cloth seal designs are developed in this study.
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2 BACKGROUND AND LITERATURE REVIEW

Sealing technology is one of the important issues due to high-performance needs of
turbomachines. Therefore, various types of seals are applied in turbine and compressor
systems. Static metal seals are the traditional applications in gas turbines. Compliancy is
lost due to low flexibility in metallic seals, therefore, efficiency and wear life decreases.
Moreover, identifying the optimum sealing solution under harsh operating conditions is

a challenge.

2.1 Static Seal Designs

Static metal seals were applied in several locations of turbines. A seal apparatus
was developed by Siemens in order to enable static sealing application between transition
ducts [24]. X-shaped design constructed from two metallic strips was offered by Cornett
et. al. to provide flexibility and four different choking lines [25]. In another study [26], a
metallic seal was extended close to side surfaces. Side edges are included grooves which
generate recirculation areas for flow and decrease its energy. Grosjean [27] offers a
flexible static seal that fits non-parallel grooves, made of a heat resistant alloy such as
Hastelloy X and it comprises two concave central or mid parts and integral looplike
symmetric parts. Such design may fail due to wear of contact surfaces which may result
that a part of the seal escapes to main flow and hits turbine blades with high velocity. A
metal seal is developed to apply between stator and rotor shroud and its upper surface is
toothed, similar to laby seal, with the aim of swirl generation [28]. The disadvantage of
such a design is lack of flexibility since the thickness of seal is high as equal to height of
seal slot [28]. Another X-shaped seal spring was developed for transition duct, involves
a couple of arcuately disposed spring elements and upper spring clips are held by flanges
of adjacent edges [29]. A three-piece seal assembly was offered by Kellock et.al. [30] to
reduce leakage between adjacent turbine segments. A spline seal and another angled
spline seal restrict flow in reverse directions, and a third seal segment between spline

seals connects two spline seals and restricts flow between two members [30].
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2.2 Cloth Seal Designs

Several designs have been studied for cloth seals in the literature. A metal shim is
sandwiched between two cloth layers to construct a cloth seal which has two opposing
raised regions and two opposing unraised edges connecting to turbine slot surfaces [31].
A similar design was also offered by Samudra et.al. [14] to diminish leakage with its
metal linear or arcuate legs. A design includes a planar shim having transverse legs in
both ends, a flattened leaf spring contact with sealing surfaces on upstream side to squeeze
seal in turbine slot and provide extra choking points [32]. Another spring-loaded cloth
seal design involves two tabs which are bent to upstream side, have a narrow-angle with
the main flat surface [33]. A shim member comprises a middle part with two surfaces
and raised longitudinal edges, wherein recesses are shaped by raised longitudinal edges
and mesh layers [34]. Porous layers were sandwiched by upper and lower metal shims to
make a flexible design [35] in misalignment conditions, however, wear starts from metal
layers and loss of these layers may lead to a significant amount of leakage increase.
General Electric improves a cloth seal design that comprises imperforate foil layer
assemblage made from a metal, ceramic and/or polymer which is covered by cloth layer
is made from metal, ceramic and/or polymer fibers. It is claimed that gas-path offered
design provides %1 leakage and 6ppm NOXx production in comparison to %2.4 leakage
and 15ppm NOXx production of conventional metal rigid seal [36]. Another foil layer
enclosed by cloth weave design [37] is claimed that %0.4 gas-path leakage with improved
design while conventional metal rigid seal has %2.4 gas-path leakage. A twilled cloth
layer consists of warp and shute fibers made from a cobalt-based super-alloy covers foil
layer, and such design provides low leakage, high wear resistance and compliancy in the
condition of misalignment, vibration and relative thermal growth of adjacent turbine
components [38]. Aksit et. al.[39] developed a cloth ring design for a tubular cavity which
provides low leakage and compliancy with the change of cavity dimensions, purges the
cavity of unwanted gases and/or cool cavity. In another design, a seal ring includes
innermost layer with a woven metal core formed of stainless steel surrounded by an
annular metal layer which is covered by metal foil and finally, the outermost cover of the
seal consists of metallic braided material [40]. Such design [40] may provide better
leakage performance in exchange for low flexibility in comparison to only cloth design
[39]. Vedantam et. al. [41] developed a composite tubular woven seal that involves an

inner woven metal component covered by annular silica fiber layer that is covered by a
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metal foil with braided stainless-steel outside cover. Metal foil layer blocks leakage, and
braided cover supplies a wear surface from outside while metal core and silica fibers hold
circular configuration in cross-section [41]. A leakage seal includes two symmetric foil
layers and two symmetric covered cloth layers that both have distal ends which diverge
from flat region to define curved hook where cloth part is wrapped over foil part [42]. In
another design, a spline seal includes metal central core which fills the gap between
turbine segments, covered with cloth from all surfaces [43]. Thus, it allows relative radial
motion of turbine components without binding or severing of the spline seal [43]. Lacy
et. al. [44] offers a gas path leakage seal which comprises a manifold with profile edges
having a “shepherd hook” shape, a cloth layer on upper surface and another cloth layer
on lower surface. Such design enables flexibility when turbine segments expand and the
seal squeezes between lateral surfaces [44]. Another cloth seal design which is bent
between segments, involves a shim surrounded by cloth metal [45]. Analysis tools
showed that the proposed seal provides %0.4 leakage rate which is equal to tens of
thousands of dollars savings per turbine per year in comparison to conventional metallic
seal designs [45]. A transition piece seal comprises first flange on one side vertically,
second flange placed to adjacent transition piece horizontally, a spring element having a
mounting flange engaged the second flange of the transition piece seal support and a flex
portion with free edge [46]. The seal which handles with relative movement and
misalignment of adjacent structures, involves a long strip metal alloy flanked by 180°
folds which creates two margins towards center of seal [47]. These margins bent outwards
to create edge sections. Multiple stacked woven cloth layers are brazed or welded from
side edges, placed with 45 degrees to the warp and shute directions [15]. 40 warp wires
per inch was selected with 0.0105-inch diameter and 220 shute wires per inch was
included with 0.0084-inch diameter for the aforementioned design [15]. Flanagan et.al.
[48] offer VV-shaped or various W-shaped convolution seals to reduce leakage around
canular type transition ducts. In another design, two metal shim layers with raised
longitudinal edges attached to a cloth layer with a plurality of spot welds or seam welds
with 30x250 cloth density (per inch) with 7-10 mils warp and shute thickness [49]. A
supplemental seal for the chordal hinge seal comprises more than one metal shims
covered by cloth supported by a bracket [12]. In another design [50], a cloth seal
comprises of two peripheral portions that one peripheral portion of the cloth seal lies to a

cavity in a turbine segment whereas the other portion does not belong to any cavity or
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slot and it has a contact surface with another turbine segment. A flexible shim covers

cloth and provides a resilient structural member carrying pressure loads [50].

2.3 Leakage Analysis of Cloth Seals

It is difficult to successfully analyze flow of cloth seals under operating conditions.
Modeling leakage through each warp and shute fibers is a challenge. In order to
comprehensively understand the complex flow through cloth seals, General Electric
researchers improved a leakage setup to obtain flow performance of cloth seals [9]. Their
study on leakage performance shows the overall performance improvement for both E
and F type gas turbines. Leakage declines %65 in comparison to comparable rigid strip
seal, and savings rise %77 in offset or mismatch conditions [9]. Aksit et. al. [10] reported
that curved cloth seal provided up to %75 mass flow decrease over segmented rigid seals

at corner regions.

Dogu et. al. [1] were modeled cloth material as solid with a %50 reduction in its
thermal properties. Their model solved Navier Stokes and energy equations describing
the mass, momentum and thermal transport using finite elements solution procedure.
They showed a temperature profile on cloth seal, flow region and turbine segment. In
their study, high-velocity rates occur around the choking zones. However, a more
complex modeling methodology is needed to show flow behavior in cloth weave. Dogu
[51] investigated brush seal flow models and categorized them as cross-flow models, bulk
flow models and porous medium flow models. Cloth weave can be modeled as similar to

models that have already been used for brush seals in literature [51].
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3 MATHEMATICAL MODELLING

The structural and leakage performance of the cloth seal are determined primarily
by the behavior of metal shim and cloth layers in the condition of pressure load applied.
There is a need to develop or use mathematical models to investigate cloth seals in the
aspect of leakage performance. This section covers the analytical study related with seal

leakage and flow evaluation.

The velocity and pressure characteristic of fluid in the vicinity of the cloth seal and
within the cloth fibers have an impact on the seal durability and leakage performance.
The porous structure of the cloth weave affects flow path. Solving fluid equations through
the complex weave voids among each warp and shute fiber involves a very complex flow
structure, extensive effort, very accurate models (Large Eddy Simulation, Detached Eddy
or Direct Numerical Simulation) and high CPU time in terms of not only leakage
determination but also structural and wear analyses. Therefore, a bulk porous medium
flow model was applied to the model cloth seal weave fibers. The porous medium
approach provides simplicity and compactness. It determines dynamic flow characteristic
and sealing performance. In the classic model, cloth layers are modeled as solid, therefore,
no flow was allowed through cloth regions. Another approach is considered that the entire
cloth layer is modeled as a single porous medium with determined flow resistance
parameters to leak. The porous medium approach is applying the Navier—Stokes equation
with the additional momentum sink which model flow resistance in porous medium.
Resistance coefficients are correlated with experimental cloth weave leakage results for
warp, shute, diagonal and cross directions. Porous medium approach has been applied for
modeling cloth weave to identify flow-driven properties such as leakage rate, pressure,

velocity, temperature, kinetic energy.

The porous medium approach is separated from other methods by providing the
pressure, temperature distribution and velocity profile inside of cloth region in addition
to leakage rate, and it serves more accurate results than solid modeling. Velocity and
pressure fields in the close vicinity of cloth layers can be also observed in the light of the

porous medium approach.
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In this section, mathematical models for porous modeling are explained. Effective
clearance calculation methodology, which is important to understand sealing

performance, is detailed. Uncertainty analysis for Type A and Type B are described.

3.1 Navier-Stokes Equations for Porous Medium Flow

The airflow is assumed to be turbulent and compressible. The reduced Navier—
Stokes equations governing the fluid flow in the upstream and downstream regions can

be expressed in tensor notation as [52]:

The Continuity Equation

ap
—+ V. =0 3.1
5 V- (3.1)
The Momentum Equation
a(pU
¢ )+\7. PURU)= —-Vp+Tt+Sy (3.2)

Jt

where the stress tensor is related to the strain rate as

T=u (VU + (V)T — 5%\7. U) (3.3)

The Total Energy Equation

d(ph )
% - a—’t) +V.(pUhyp) = V.(AVT) + V.(U.7) + U.Sy + S (3.4)

The relation between total enthalpy and static enthalpy as

1
h’tOt = h +EU2 (35)

These equations, which express the continuity (Equation 3.1), momentum
(Equation 3.2), and total energy (Equation 3.4) equations, respectively, describe the
motion of air in both the experimental set up and CFD analysis. In Equation 3.4, the term
V.(U.t) represents the viscous work term, which is neglected. Sm represents external
momentum sources or sinks acting on the continuum such as gravity, inertial
accelerations, and resistive forces. For the porous cloth weave domain, the momentum
loss through a porous region is added to the right-hand sides of Equations 3.2 and 3.4, as

an external momentum and energy sink.
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In addition to the Navier-Stokes equation, the Darcy model provides the
relationship between pressure gradient and viscosity in a porous region. It is expressed as

below:

dP U

TOMi = _a_xi = Eui (3.6)
xi refers to orthotropic flow directions, p is the viscosity, Ki means permeability of
the porous media and u; is the superficial velocity in the orthotropic flow directions.
Superficial velocity is a hypothetical fluid velocity assumed as only given phase or fluid
is contributed to flow in a given cross-sectional area. In another way, it is the velocity for
calculated mass flow rate by ignoring the influence of porous region. In the absence of

porosity effect, ui is expressed in terms of average velocity (u) and porosity (¢):

u; = (37)

u
&

Porosity model involves only the viscous resistance term in Equation (3.6). An
extended version of linear Darcian model is given in Equation (3.8) is a non-Darcian

porosity model for more precise resistance relationship as:

apP
—Smi = —5— = (alwl +B)w (3.8)
l

a;i refers to inertial resistance coefficients and Bi refers to viscous resistance

coefficients. This equation is also expressed as:

dP

u
SMi = g
l

errm,i

= _Kloss,igluilui - U; (3.9

where p is the density, and Kjess IS the loss coefficient. In Isotropic Loss Model the
porous flow resistance coefficients are the same in each direction. Directional Loss Model
can be applied as the momentum source throughout an anisotropic porous region. The
advantage of this method allows directional resistance; therefore, different resistance
coefficients can be defined for streamwise and transverse directions. Usually, streamwise
direction is the direction that allows fluid to flow easily. Transverse directions are

perpendicular to the streamwise direction which can also be modeled as a factor of
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streamwise resistance coefficient. However, transverse directions may be selected such

directions that the same resistance coefficients can be assigned to transverse directions.

Porous media approach requires information about porosity and inertial and viscous

resistance coefficients.

In this study, leakage and pressure levels obtained with experiments are calibrated
CFD analysis with the aforementioned equations. Matching empirical and computational
data provided calibrated resistance coefficient values for each direction. Details of the
flow resistance coefficient calibration process are provided in Section 5.1.

3.2 Porous Media Resistance Coefficients

The flow in porous medium is subject to additional flow resistances compared to
that in the absence of a porous medium. Flow resistance coefficients need to be calibrated
when the pressure and temperature vary. The main purpose of developing an analytical
model for flow resistance coefficients in porous medium is to determine a relation
between flow resistance coefficients and effective parameters, especially the pressure and
temperature level, fluid properties, and porous medium geometry. For this reason, several
methodologies (Bernouilli approach, pressure drop — velocity, Sutherland-ideal gas
approach, Ergun equation) are used or developed to estimate flow resistance coefficients

in cloth weave.

3.2.1 Bernoulli Equation Approach

The full porous model can be reached with Navier-Stokes equations and Darcy’s
law. The model involves advection and diffusion terms hence it is suitable for closed area
flow. A reduced version of Darcy’s law for laminar flow is obtained in Equation 3.10 as
actual velocity component (U) is written in terms of inverse of the resistance tensor (R)

and pressure gradient.
U=-R'VP (3.10)

Where the gradient of pressure is written as for single dimension:
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ap AP
dx AL (3.11)

The relationship between velocity and pressure for selected two points in Figure 3.1
expressed with Bernoulli Equation. Assuming the potential energy terms for chosen
points are equal to each other since there is no change in the downstream and upstream

surface of fence region pi=po=p:
1 1
Py + 5.0171% =P, + Epzug (3.12)

Upstream

Point 1 Point 2

Downstream Radial Flow

Axial Flow ——»

Figure 3.1: Selected points in choking line (point 1) and downstream of cloth seal (point 2)

As flow encounters with woven fibers which have high flow resistance, fluid moves
toward the clearance region. For that reason, the stagnation point is assumed at Point 1 so

axial velocity can be assumed as zero.
P, — P, = pu} (3.13)

As pressure difference illustrated as P1-P> = AP and velocity for second point is

formulated as:

u, = % (3.14)

V2 is related to density and rate of change in pressure. Assuming that actual velocity
refers to average velocity, Equation (3.10) is modified as:
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=t % (3.15)

2 2

2= —R7'VP (3.16)
Combining Equation (3.10), (3.11), (3.14) and (3.16) shows that resistance

coefficients depend on density, rate of change of pressure and pack thickness.

AP =_R*1A_P (3.17)
20 AL

o AP [2p

=— 3.18
AL VAP ( )

R:;—E./ZpAP (3.19)
For simplicity, density is converted pressure proportional to specific gas constant
and temperature according to Ideal Gas Law. A modified version of Equation 3.19 with

Ideal Gas Law is shown in Equation 3.21:

P
Ideal Gas Law => p=—— (3.20)
R.T
Ro L PP (3.21)
AL\ RT

The resistance coefficient value is depending on average pressure (Pavg) rate of
change of pressure (AP), specific gas constant (R¢) and temperature (T). Resistance

coefficients are calculated for current cloth seal with respect selected reference point as:

R -R ALref \/ I:)avg(cur)APcur Rc(ref )Tref (32 2)
r = ref
“ ) ALcur Pavg(ref )APref Rc(cur)T<:ur

One can give Rcyr as an expression in preprocessing stage of CFD analysis.
Calibrated CFD analysis with test results can be considered as a reference state.
Therefore, leakage tests are needed for determining the base point. One limitation of this
approach is only considering viscous forces by neglecting inertial terms. For this reason,

this approach is suitable for laminar flows. In addition, frictional losses due to porous
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region need to be included additionally. Moreover, this approach assumes that the

resistance coefficients in different directions are changed in the same way.

3.2.2 Pressure Drop — Velocity

A non-Darcian porosity model is expressed in Equation 3.8. The equation can be

expressed for a porous length as:

AP

- (3.23)

—Smi = = (a;lu| + By

If upstream and downstream pressure and mass flow rate are measured at a range,
a second-order function can be fitted between pressure drop and superficial velocity (or
velocity by multiplying porosity with superficial velocity). In order to obtain velocity, the

measured mass flow rate can be used as:

(3.24)

A second order curve can be fit between pressure drop in porous domain and

velocity. An example of the curve fitting method is shown in Figure 3.2.
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Figure 3.2: An example of curve fitting between pressure drop and velocity [53]
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As a result, a quadratic equation can be fitted for each cloth weave design and
various directions. This equation can be used to estimate resistance coefficients in the

operating conditions that leakage test result does not exist.

3.2.3 Sutherland-ldeal Gas Approach

The non-Darcian equation in Equation 3.9 shows that viscous (linear) term is
linearly correlated with viscosity whereas inertial (quadratic) term is linearly changing
with respect to density. The density varies with pressure and temperature, while the
viscosity is only a function of temperature. Therefore, the dependency of flow resistance
coefficients on pressure and temperature should be considered in the calculation and

calibration of a and f.

The inertial flow resistance coefficient (o) is a function of density that varies with
pressure and temperature. Therefore, in the calibration of the flow resistance coefficients,
the inertial resistance (quadratic) coefficient is correlated with respect to pressure and

temperature by using the Ideal Gas equation.

Meanwhile, the viscous flow resistance coefficient (B) is a function of viscosity that
varies with temperature. Therefore, the viscous resistance (linear) coefficient is correlated

with respect to temperature by applying Sutherland’s Law [54].

Thus, Sutherland’s Law and the Ideal Gas equation are employed in the calibration
of the flow resistance coefficients for the porous metallic-cloth fibers. The equations
showing the dependency of the inertial/viscous flow resistance coefficient on pressure
and temperature are written below:

a1_P_1_P1T2

az B P2 B P, T,

(3.25)

B _ M T13/2 T, +S
B M2 T23/2 Ty +S

(3.26)

S refers to the Sutherland temperature. These equations provide a correlation for

the resistance coefficients for different pressures and temperatures.
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At the end of the calibration procedure, a single number is defined for a and B, while
the pressure/temperature dropped from P1/T1 to P2/T> over the metallic-cloth fibers. Py

and P> are conducted for various pressure levels as:

P = Pul(1 - Cdown) + Py1Caown (3'27)

P, = Puz(l - Cdown) + P2 Caown (3-28)

Pu1 and P2 are upstream pressure and Pqg1 and Pg2 are downstream pressure of first
and second case points. Cqdown IS @ pressure constant that enables correlating the resistance
coefficients at different pressure levels. Cqown = 1 indicates that the downstream pressure
levels are considered in the correlation, whereas the a and P resistance coefficients are

correlated with the average pressure levels if Cgown = 0.5.
3.2.4 Ergun’s Equation
Ergun’s equation [55] illustrates friction factor in a packed column with respect to

Reynolds number. Ergun’s equation is expressed as:

Ap 150p (1 —¢&)? 1.75p(1—¢)
= v+ v

L D} &3 D, &3

(3.29)

g is the porosity and Dy, refers to equivalent spherical diameter of packing. 150 and
1.75 are model constants which are obtained experimentally. Such values may be changed
with test correlations. These are dependent on the turbulence level of the fluid. Akgiray
and Saatci [56] developed Ergun’s equation to be applied in fluidized beds. Ergun
Equation was applied by Wu et. al. [57] in order to obtain flow resistance of Dutch weave
and other types of woven meshes. Several studies have been done to evaluate aperture
size of Dutch weave [58]-[60]. However, aperture structure and size of the determined
cloth weave are difficult to determine since it is sensitive to manufacturing and weave

tolerances, applied pressure, offset and mismatch levels.
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3.3 Cloth Weave Properties

3.3.1 Porosity

VVolume porosity is the ratio of the volume of voids over the total volume comprised
of the boundaries of the woven fibers. In cloth weave, porosity is mainly dependent on
weave type, density&diameter of warp cloth metal, density&diameter of shute cloth
metal. In order to decrease cloth porosity, wire size needs to be diminished. However,

reducing fiber size decreases cloth thickness which means limited oxidation and wear life

[9].

The main objective in developing an analytical model for volume porosity is to
determine a relation between volume porosity and geometry as a function of weave type,
weave density, the diameters of warp and shute fibers, etc. This section covers a volume
porosity model which is applicable for plain and twill weave.

Volume porosity ‘e’ is calculated for a woven fabric in Equation 3.30. Volume
covered by fibers and total encompassed volume are expressed in Equation 3.31&3.32,
respectively. Dw, Lw, nw denote the diameter, length and number of warp fibers
respectively. Ds, Ls, ns indicate diameter, length and number of shute fibers respectively.

L+, Tt, Hr are overall length, thickness, and height of woven fabric sample respectively.

|74
e=1- (M) (3.30)
Vtotal
nD2L, n, +tDZL.n
Vmetar = ——— (331)
Viotar = LW H, (3-32)

Combining Equation 3.30 with Equation 3.31&3.32 brings as:

nD2L,n, + nD?L.n
8=1—< wtw Iy sss) (3.33)

4L W H,

Width of cloth weave is also calculated, in ideal condition, as the summation of one
warp, two shute cloth diameters and two g values that shown in Equation 3.34. g is the
gap between warp and shute fibers resulting from bending over each other. It is considered

while calculating total cloth weave width. Since g is unknown and can vary from
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geometry to geometry, it may be correlated with experimentally calculated porosity which
is obtained from weight and volume of cloth weave sample. In another way, height of

cloth weave can be measured, and g can be obtained
W. =D, + 2Ds + 2g (3.34)

In both plain and twill weave, warp fibers are straight, therefore the length of warp
fibers is assumed to equal to length of woven fabric sample. However, shute fibers are
bent and their actual length needs to be determined. The geometry of plain weave is
illustrated in Figure 3.3 and shute wire length per inch for plain weave is represented in
Equation 3.35.

-
4

1/n,,

Figure 3.3: Shute wire length calculations for plain weave

1 2
Plain weave => Lgy; = Dyn,, + nw\/(n— - D, ) + (D, + Ds +2g)? (3.35)
w

The geometry of twill weave is shown in Figure 3.4. For twill weave, shute wire

length per inch is calculated in Equation 3.36.
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Figure 3.4: Shute wire length calculations

2
1+Dwnw+nw\/(%—DW ) + Dy + Ds +29)?

2

Twill weave => Lgy; = (3.36)

Usually number of warp and number of shute fibers are presented by manufacturers
as per inch. In order to simplify the volume porosity equation, it is represented for a 1x1
inch sample in Equation 3.37. nwpi denotes the number of warp fibers per inch whereas

Nspi refers to the number of shute fibers per inch.

e=1— <7TDv2vapinwpi + nDsstpinspi> (3.37)

4prinpi(DW + ZDS + Zg)

Lwpi = L#pi = Hfpi = 1 inch. Therefore, the generalized volume porosity equation is

expressed as:

D2 Ny: + TDZ LNy
e = _( wlwpi s Lispi Spl) (3.38)

4(D,, + 2Ds + 29)

The equations are shown above; prove realistic volume porosity value of the plain

and twill woven fabric.
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3.3.2 Tortuosity & Surface Area to Unit Volume Ratio

Tortuosity is a property of a curve being twisted. A flow becomes more tortuous if
it has many turns. It is commonly used to describe diffusion and fluid flow in porous
medium. The simplest equation for tortuosity is the flow path divided by shortest path
Figure 3.5. Different equations represent tortuosity for a porous medium consisting of 2D

square solid particles or a fixed bed of randomly packed identical particles [61],[62].

Figure 3.5: A representation of tortuous flow path

Tortuosity is calculated from geometry for Dutch Twill [63]. Geometry of Dutch

twill is illustrated in

TWILLED DUTGH
‘&ﬂizﬁ*\liis

LELRT™

FGS*'dw) SHUTE WIRE

2
[EAZONS

f

WARP WIRE

Figure 3.6: Cross-sectional views of Dutch twill weave [63]

The tortuosity of Dutch twill is calculated from the ratio average path and shortest

path through plane. It is calculated as 1.28.

Shortest Path => Lgyore = 2ds + d,, (3.39)
dy
Longest Path => Lijyng = mds + T (3.40)

32



d T
Average Path _ 2ds +dy + (m d; + T =") 3z t1

Shortest Path 2(2ds +d,,) 2

Tortuosity = =1.28 (3.41)

Surface area to unit volume ratio is used while calculating heat transfer in porous
medium. It affects the convective heat transfer between fluid and solid parts of cloth

weave region. For Dutch twill, it is expressed as [63]:

1 1
[nyd,, + =ngds + =ngn,,dslisg] (3.42)

T
Surf. Vol.Ratio = ———
urf. Vol.Ratio = 57—~ 2 2

3.4 Equivalent Gap Calculation

In order to compare the leakage performance of the different seal design
combinations under different pressure conditions better, leakage rates are converted to
equivalent sealing gap values and plotted in many figures. The equivalent gap is a
representative gap that decreases with better sealing performance. It is calculated by the

following equation [9], [64]:

m/Tron + 460
high (3.43)

Eq.Gap =
4500 =—p L. FF

where m is the leakage flow rate, L is cloth seal length, Thigh and Phigh represent
upstream temperature and pressure, respectively. FF refers to the ‘Flow Function’ which

is calculated with different equations for choked and unchoked flow:

For choked flow:

FF _ ﬂ ( 2 )(V+1)/(V_1)
- R y+1 (3.44)

For unchoked flow:

pr= (9|2 (Phigh)
R Y — 1 Plow

where g is the acceleration due to gravity, y refers to specific heat ratio, R is gas

—(V+1)/V]

Phion -0/y
( g ) _1 (3.45)

Plow

constant.
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3.5 Uncertainty Analysis

Uncertainty analysis is done to evaluate the fluctuation level of measurements
during experiments. Fluctuation level is defined as error which is the difference between
measured value and true value. Since true value is unknown, several methods are

developed to estimate it. Error is also defined based on an approach to reach true value.

The quality of measurement is named as accuracy and is usually presented in
datasheets. However, test conditions are specific for each application and uncertainty
level is affected by ambient conditions, calibration of measurement tools, fluctuation of
measured system or boundary conditions, etc. Therefore, Type A and Type B uncertainty

measurements are applied to determine the level of error of measurement.

Type A is obtained by repeated experiment results under the same conditions. First

of all, average of measurement results is calculated.

Z?=1 Xi

n

X = (3.46)

R; = (x; —X) (3.47)

Ri is the estimation for true value which equals to the difference between measured

value of iw test and average test result. Standard deviation is calculated as below:

2 (g —%)?
n—1 (3.48)

S =
In order to reach Type A uncertainty, standard deviation is divided by square root
of number of measurements.

Uy = —=

Vn (3.49)

Type B uncertainty is obtained by accuracy (a) value given in datasheet of

measurement equipment.

Uy =

Rl

(3.50)
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Combined uncertainty is reached from the calculated Type A and Type B

uncertainty levels by using the formula given below.

we = [ud+uf (3.51)

The combined uncertainty provides the uncertainty level equivalent to one standard
deviation (68% level of confidence). To raise the level of confidence, the combined
uncertainty is multiplied by a coverage factor (k), and this provided the expanded

uncertainty. In this study, k = 3 for a confidence level of 99.7%.

U, = ku, (3.52)

In the standard deviation curve, if standard deviation is multiplied by two, %95.5
probability is obtained whereas if standard deviation is multiplied by three, %99.7
probability is reached. Same probability values are also valid for the confidence level
calculation of a measurement. Mostly, the coverage factor is selected two or three or a

value between two and three.

Uncertainty measurements are important to compare fluctuations in test system
with accuracy provided by supplier. The uncertainty levels for the cloth seal and warp,
shute, diagonal, and cross directions of cloth weave leakage tests are illustrated in Section

4.4 for 68.9-758.4 kPad (10110 psid) pressure differences.

3.6 Reynolds Averaged Navier-Stokes Equations with Standard K-Epsilon
Model

A turbulence model applies a procedure to close the system of mean flow equations.
Several turbulence models solve an updated version of Navier-Stokes equations by
separating averaged and fluctuating of components. Based on Reynolds Averaged
Naviers-Stokes (RANS), the terms are separated into average and fluctuating
components. As an example, velocity (Ui) is expressed in terms of averaged (U,) and

fluctuating (u;j) components as:

Ui = Ul + Uu; (353)
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U, =— U;dt (3.54)

At is a time scale the larger than fluctuations of turbulence and smaller that solution
time scale. The instantaneous Navier-Stokes equations are averaged with additional terms
when flow is considered as turbulent. The Reynolds Averaged Navier Stokes equations
are given as:

The Continuity Equation for RANS

_+ix(puj) —0 (3.55)

The Momentum Equation for RANS

0 yuy 2P 2
+a—xj(Pij)———+

apUl
axi Ox]

The Energy Equation for RANS

%—a—P+i( Uih )=i PRy +i[u-(r--— ww) |+ USy +S (3.57)
ot ot axj PUjot axj axj pY; axj i\Tij — P Y, M E .

where t is molecular stress tensor. In addition to the molecular diffusive fluxes,
turbulent flux term is added as Reynolds stresses pu,u;.

The k- turbulence model was used and validated the turbulence model in similar
CFD analyses [51]. The k-& model focuses on the mechanisms that k is turbulent kinetic
energy (per unit mass) and ¢ is dissipation rate of k. The momentum equations are updated
for k- € turbulence model as:

apUl

+a(UU)— Cail /R | 3.58
ot ox VU T Tox T g | oy T o w328

Lefr IS the effective viscosity and P’ is the modified pressure as shown below:

k2
Merp =M+ He =t Cup— (3.59)
P = Pt 2 pk ot 2pugyy 20 3.60
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The k and ¢ values are calculated from the differential transport equations of

turbulence kinetic energy and turbulence dissipation rate.

3.7 Navier-Stokes Equations with Derived Equations for Porous Medium Flow

In this study, cloth weave is modeled with porous medium. Therefore, RANS
equations are included additional momentum sink in porous cloth weave region by
combining Equation 3.57 and 3.58 with Equation 3.9:

The Momentum Equation in Porous Medium

apU;, @ oP'" 9

o0 o P =

axi + axj

ou;, U,
Herr (@ + a_xi)] — agluglu; — ﬁiui (361)

The Total Energy Equation in Porous Medium

dphyy; OP O

Y Ly AW — o) ] — e (3:62)
_ax,-<lax,. pu’h>+6xj [Ui(yj — pmag) | = U (ailuglu

+ ,Bl.ui) + SE
The porosity equation derived in Equation 3.38 is also included in RANS equations:

The Momentum Equation in Porous Medium with Derived Porosity Equation

_ P 0 ou, 0y,
N axi axj ‘ueff axj axi

u u (3.63)
1 (nD‘,Zvnwpi + nDsstpinspi> B <7ID‘,2Vanl- + nDSZLSpinspi>

4(D,, + 2D; + 29) 4(D,, + 2D; + 29)
u

— B
' 1 D& Nypi + TDE Lgpingp;
4(D,, + 2Ds + 29)
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The Total Energy Equation in Porous Medium with Derived Porosity

Equation
% - g—}t) - aix] (PUjhot)
= %(Ag—; — pﬂ) + aix, [U;(7i; — pu) |
+U.q - . b

1 D& Nypi + TDZ LpiNgp; B D& Nypi + TDE Lpingp;
4(D,, + 2Ds + 2g) 4(D,, + 2Ds + 2g)

u
— B
: B <7TDV2Vani + nDsstpl-nspl->

+ Sg

4(D,, + 2Ds + 2g)

Three-dimensional Navier-Stokes equations for porous medium (Equation 3.55,
3.63 and 3.64) are used in CFD analyses to analyze flow through cloth weave. Equation
3.55, 3.58 and 3.57 which are applied in the flow domains except for porous medium, are
the continuity, momentum and energy equations, respectively. These equations are for k-

¢ turbulence model and iteratively solved until reaching a converged solution.
3.8 Equations of State

The constitutive equations for enthalpy and density are defined. The differential of
enthalpy is expressed in terms of pressure (p), temperature (T) and heat capacity at
constant pressure (Cp) as:

oh (ah) oT + (ah) d C,0T + (ah) d (3.65)
= B —_ p = —_ p .
aT/,, ap/ . p ap/

In flow analysis, the air is assumed as ideal gas since the compressibility factor of
air is near to 1 in defined analysis conditions (Appendix C). For ideal gas, the enthalpy is
independent of its pressure and it only depends on temperature. Therefore, enthalpy is

calculated with respect to temperature.
oh = C,0T (3.66)

The density is calculated from the Ideal Gas Equation as:
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WPabs
R,T

p= (3.67)

Pabs IS the absolute pressure, w is the molecular weight and Ro is the universal gas

constant.
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4 EXPERIMENTAL SETUP

In order to obtain the cloth seal leakage performance, the leakage tests need to be
conducted in gas turbine operating conditions. However, it is challenging to set up a test
system that works under extreme pressure and temperature levels. Similar to previous
studies [9],[10], leakage test rigs are designed to operate at room temperature. The
downstream regions open to the atmosphere. The pressure drop levels are selected to

cover typical pressure drop levels of a modern gas turbine.

Static leakage flow tests have been performed to determine the leakage rate. The
experimental study consists of two different stages. First test stage is established to
measure the leakage rate of cloth weave in warp, shute and diagonal and cross directions.
Cloth weave tests are performed and compared with CFD analyses to correlate porous
medium resistance coefficients in each direction. Second test stage is used to find leakage
rate of several cloth seal designs (includes cloth weave and metal shim layers). The results
of cloth seal leakage tests are conducted with a DoE study and CFD analyses. The leakage
tests are repeated three times and the average value of the leakage rate is considered. Both
test systems are available to work under different upstream pressure conditions.

4.1 Cloth Weave Test Rig

To calibrate resistance coefficients in CFD analyses, experiments have been

completed with pre-determined inlet and outlet boundary conditions.

Two test rigs as shown in Figure 4.1 and Figure 4.2 are set up to measure the cloth
weave leakage in the four directions of warp, shute, diagonal, and cross. Cloth weave
holders are designed to obtain the leakage flow in the determined directions. For this
purpose, two different cloth weave holders are used. An in-plane cloth weave test system
is used to obtain the leakage in the warp, shute, and diagonal directions, whereas an out-
of-plane test system provided the leakage rate in the cross direction. Similar test rigs are
also used in previous works [7],[10]. In Figure 4.1, two side holders are shown for the in-
plane test rig. The holders are disassembled, and a circular holder is assembled for the

out-of-plane test rig. The system includes ball and globe valves, flowmeter, pressure
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transducer, upstream chamber and holders. The ball valve is only used at the beginning
and end of the test cycle to allow or halt fluid flow. The globe valve serves precise control
for upstream pressure. Upstream pressure sensor is connected to a DAQ system. An
interface is generated in a commercial software to read measurements. Leakage rate and
pressure levels are recorded via computer. Upstream chamber provides more homogenous
pressure distribution, consequently, the oscillations of pressure on upstream side of cloth
weave are reduced. Connecting surfaces of components are siliconized, therefore,
secondary undesired leakage is prevented. Four cloth samples are prepared for the warp,

shute, diagonal, and cross leakage tests.

The test rig operated at pressure drop levels between 68.9 and 758.4 kPad (10-110
psid). The air temperature is at room temperature. During the cloth weave leakage tests,
the pressure difference is increased up to 758.4 kPad (110 psid) and then decreased down
to 68.9 kPad (10 psid) incrementally. The leakage flow rate is recorded at any 68.9 kPad
(10 psid) increment. The tests are repeated for three cycle times for each direction. Each
cycle included increasing and decreasing the pressure and upward and downward leakage

measurements.

Test Rig

v

Pressure
Sensor Flowmeter

i
]
f o
o
i 1
-

=

Globe Valve

!.d

—
Ball valve .,_;

Figure 4.1: Connections and components of the in-plane test rig
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Figure 4.2: Schematic and connections of the out-of-plane test rig

4.1.1 In-plane Cloth Weave Test Setup

For in-plane test setup, cloth weave samples are cut with 100x20 mm dimensions.
Dimensions and 90° corners are determined with the aid of a miter and ruler. White silicon
remained from previous test is removed with acetone and brake cleaner. A screwdriver is
used to scrape silicone residue off holders and bottom plate. Areas for siliconizing are
marked with a marker pen. Yellow bands are pasted around silicon area in order not to
slop. After specified regions are siliconized, yellow bands are removed. A piece of cloth
weave is located upside of a holder and siliconized 5 mm in short edges. Therefore, the
leakage flow area is decreased to 90x20 mm during tests. Another holder is pasted with

silicone to cloth weave. Six M6 bolts and nuts are used to fasten holders.

Before starting each test, pressure chamber is cleaned with pressurized air to
remove residue which is remained from previous tests. Upper surface of pressure chamber
is also siliconized in order to eliminate leakage between components. Holders with cloth
weave are pasted to pressure chamber and fastened with eight M8 bolts. Bottom plate and
bottom platform are fastened with twelve M10 bolts. Each bolt is fastened with
recommended tightening torque as shown in Appendix B. Pressure sensor is connected to
pressure chamber, and upstream pressure is measured. Pressure sensor is connected to the
DAQ system and power supply with cables. Collected pressure data are transferred to a
computer and saved. Flow rate is also read from the flowmeter. Leakage between

components is detected with leak detection spray.
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4.1.2 Out-of-plane Cloth Weave Test Setup

To remove silicone from a previous test, pressure chamber is cleaned from residuals
with pressurized air. Acetone or brake cleaner is sprayed to rig components. Dry silicone
IS removed via scraper.

A piece of cloth weave is cut for out-of-plane direction leakage tests. Bottom cloth
holder is also silicone from upper surface where the edges of cloth weave locate. The
cloth weave is glued to bottom holder. After then, upper side of cloth weave is glued to
upper holder. More than six hours are waited to dry silicone. Pressure chamber and cloth
holders are fastened to each other with bolts. Undesired leakage (between components)
is controlled with leak detector spray. After ensuring that there is no leakage between

components, test starting procedure is applied.
Before and during leakage tests, following steps are applied:

= Air is compressed via compressor which can increase pressure level up to 1400
kPa.

= A dryer decreased humidity rate of air.

= The ball valve is opened. The globe valve is also opened. Fluid moves into
upstream side of seals. Apart from seal region, leakage between components is
checked via leak detector spray.

= The globe valve is closed. Upstream gauge pressure is waited to decrease 0 kPa.
Afterward, the desired pressure level is achieved by calibrating the globe valve
manually. Upstream pressure is checked from the software interface. Pressure
difference is increased up to 758.4 kPad (110 psid) with 68.9 kPad (10 psid)
increments. Such rising is called upcycle (or upward). After that, pressure
difference is decreased from 758.4 kPad (110 psid) to 0 kPad which is named
downcycle (or downward). In both upcycle and downcycle, pressure difference is
calibrated, and leakage is measured in each 68.9 kPad (10 psid) increment.

= Leakage data is gained from the flowmeter. Figure 4.3-4.15 are generated
according to specified upstream pressure. Post-test investigation provides the
leakage rate and equivalent gap values for different weave direction and pressure

drop.
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4.2 Cloth Weave Leakage Measurements Results

A set of static leakage performance tests are done for 30x250 mesh density, Dutch
twill cloth weave samples. Leakage flow rates are illustrated with respect to pressure drop
on Figure 4.3 through Figure 4.18. Three repeated test cycles are conducted for each
direction. Each cycle has upward and downward leakage measurements. The leakage
values are normalized by dividing the leakage of the cross direction at the maximum
pressure load of 758.4 kPad (110 psid)’s pressure drop. During upward direction, the
globe valve is opened gradually, and pressure difference is increased with 68.9 kPad (10
psid) increments. The normalized leakage results of each cycle up to 758.4 kPad (110

psid) are illustrated.

4.2.1 Shute Direction

The leakage measurements for three cycles at eleven test points of shute direction
are illustrated in Figure 4.3 through Figure 4.6. Upcycles are symbolized as dark blue
rhombus whereas downcycles are represented as yellow squares. Results show that the
leakage in shute direction is linearly increasing with respect to pressure drop. Variations

between measurement cycles are small.
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Shute Direction - Cloth Weave Leakage Test Results - Cycle 2
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Figure 4.4: Shute direction cloth weave leakage test results — Cycle#2
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Figure 4.5: Shute direction cloth weave leakage test results — Cycle#3
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Shute Direction - Cloth Weave Leakage Test Results - Complete
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Figure 4.6: Shute direction cloth weave leakage test results — All results

4.2.2 Warp Direction

The leakage measurements for three cycles at eleven test points of warp direction
are illustrated in Figure 4.7 through Figure 4.10. Upcycles are symbolized as dark blue
rhombus whereas downcycle are represented as yellow squares. Results show that the
leakage in shute direction is linearly increasing with respect to pressure difference.

Variations between measurement cycles are in an acceptable range.
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Figure 4.7: Warp direction cloth weave leakage test results — Cycle#1
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Warp Direction - Cloth Weave Leakage Test Results - Cycle 2
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Figure 4.8: Warp direction cloth weave leakage test results — Cycle#2
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Figure 4.9: Warp direction cloth weave leakage test results — Cycle#3
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Warp Direction - Cloth Weave Leakage Test Results - Complete
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Figure 4.10: Warp direction cloth weave leakage test results — All results

4.2.3 Diagonal Direction

The leakage measurements for three cycles at eleven test points of diagonal
direction are detailed from Figure 4.11 to Figure 4.14. Upcycles are symbolized as dark
blue rhombus whereas downcycle are represented as yellow squares. Results show that
the leakage in diagonal direction is increasing with respect to pressure difference.

Variations between measurement cycles are in an acceptable range.
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Figure 4.11: Diagonal direction cloth weave leakage test results — Cycle#1
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Diagonal Direction - Cloth Weave Leakage Test Results - Cycle 2
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Figure 4.12: Diagonal direction cloth weave leakage test results — Cycle#2
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Figure 4.13: Diagonal direction cloth weave leakage test results — Cycle#3
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Figure 4.14: Diagonal direction cloth weave leakage test results — All results

4.2.4 Cross Direction

The measured leakage data for three cycles at eleven test points of cross direction

are represented from Figure 4.15 to Figure 4.18. Upcycles are symbolized as dark blue

rhombus whereas downcycle are represented as yellow squares.
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Figure 4.15: Cross direction cloth weave leakage test results — Cycle#1
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Cross Direction- Cloth Weave Leakage Test Results - Cycle 2
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Figure 4.16: Cross direction cloth weave leakage test results — Cycle#2

Cross Direction- Cloth Weave Leakage Test Results - Cycle 3
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Figure 4.17: Cross direction cloth weave leakage test results — Cycle#3

51



—_ Cross Direction - Cloth Weave Leakage Test Results - Complete
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Figure 4.18: Cross direction cloth weave leakage test results — All results

As a result of cloth weave leakage tests, mass flow (leakage) rate is dependent on
pressure difference. The results are compared with literature data and used in CFD

correlation studies.

4.25 Comparison of Cloth Weave Tests with Literature

Leakage test results of cloth weave are compared with the Dinc et.al.’s data [7], In
order to compare leakage performance in all cloth weave directions, the parameter of
equivalent gap is employed. Since the area exposed to leakage flow are different for each
cloth weave direction, equivalent gap values are calculated and normalized with respect
to weave thickness for in-plane directions of warp, shute and diagonal. The normalization
is done by using flow area for cross direction.

Flow performance of warp, shute, diagonal, and cross directions in terms of the
normalized equivalent gap is plotted and compared in Figure 4.19. Present test results are
plotted with solid lines while Dinc et.al.’s data [7], which includes several weave
densities, are plotted with dashed, dotted, and dot-dashed lines. The present test also

includes the cross direction and extends the test data for higher pressure ratios.
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Figure 4.19: Comparison of cloth weave flow performance for all directions of warp, shute,

diagonal and cross.

Test results in Figure 4.19 indicate that the best leakage performance in terms of
the normalized equivalent gap is in the warp direction followed by diagonal, shute and
cross directions. These directional best sealing results are compatible with Dinc et.al.
study [7]. Similar to leakage results of different cloth weave densities [7], cloth weave

leakage is dependent on the pressure load.

While comparing the present test data with Dinc et.al.’s data, it should be noticed
that the weave densities are different for warp and shute directions. The difference
between present test data and Dinc et.al.’s data are minimal for the same weave density
(30x250) at diagonal direction while present tests measure higher leakages for warp and
shute directions. This could be attributed to weave density as the main parameter.

Cross direction has the highest normalized equivalent gap; therefore, it is the worst
direction in terms of leakage performance. Normalized equivalent gap for cross direction

is 2-4 times higher than in-plane directions (warp, shute, diagonal).
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As a result, leakage rate is minimum if the flow is in the warp direction. Leakage
test results point out that, for the best sealing practices, the cloth weave in cloth seal
geometry should be aligned in such a way that flow direction would be in the warp
direction. The weave alignment depends on the engine location and working conditions

that dictate the flow over the cloth seal.
4.3 Cloth Seal Test Rig

Cloth seal test system is established to test several cloth seal designs and allows to
change dimensions and angle of the slot. Therefore, it is designed with several
components that have alternative dimensions. As illustrated in Figure 4.20, the test system
is comprised of a test fixture, a compressor, an air dryer, a flowmeter, pressure sensor,
pipes, globe and ball valves. Air is pressurized by the compressor, then passes through
the air dryer to dehumidify and filter particles. High-pressure flow reaches the test rig
from the upstream side. Flow is forced through the sealing clearance and discharged to
the atmosphere. The leakage tests are conducted by varying upstream pressure and

keeping the downstream pressure constant.

AMBIENT
AIR OUTLET
PRESSURE o
CHAMBER ul IEST RIG
IStE]

SENSOR FLOWMETER
/

BALL VALVE GLOBE VALVE
HIGH PRESSURE
AIR INLET
\—H 1@

Figure 4.20: Schematic and connections of the cloth seal test system.

Upstream pressure is measured from the pressure chamber as shown in Figure 4.20.
The pressure sensor has an accuracy + 0.25% of the full-scale range. It has a range from
0 to 3447 kPa. A mass flow meter is placed after the globe valve. It operates with an
accuracy + 1% of the full-scale range. The mass flow meter has a range from 0 to 330
kg/sec. Globe valve allows adjusting the inlet pressure. Once upstream pressure is

stabilized at the required pressure drop value, pressure and leakage data are recorded. A

54



data acquisition system is conducted to capture pressure and leakage data. Before starting
each test, the test rig is pressurized to determine the undesired bias leakage between
components. Bias leakage is the undesired flow that leaks between the rig components
rather than through the cloth seal. It tends to consistently increase measured leakage rate,
therefore, results in a systematic error for leakage rate. A separate set of tests is conducted
to calculate bias leakage at each pressure drop. During these tests, actual sealing interfaces
are glued, and bias leakage flow is measured under determined test pressure load levels.
Actual leakage rates are obtained as the difference between measured flow rate and bias

leakage rate.

The leakage test rig is configured to test cloth seal parameters in different
operational ranges (Figure 4.21). The test rig consists of left and right slot components,
control apparatus; side, top, bottom, front, and rear plates. Front and rear plates are hidden
to show other components better. The bottom plate is fixed onto the pressure chamber. A
slot in the bottom plate allows fluid flow from the pressure chamber to the upstream side
of the cloth seal. The downstream side of the test system is opened to the atmosphere.
Two spacers allow to adjust both position and angle relatively between right and left slots.
Therefore, mismatch and offset levels can be changed. The cloth seal is placed into the
region which is illustrated with the dashed black line rectangle. Some dimensions of the

leakage test rig are illustrated in Figure 4.22.

Offset and mismatch
control apparatus

Top Plate
[ -

Gap control /

apparatus v\
Slot depth control \

apparatus oy

/ Inlet air
Bottom Plate
Pressure Sensor Air Inlet

Location

(@)

Figure 4.21: Pressure chamber and leakage test rig design: CAD design of pressure chamber and

test rig with control apparatus
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Figure 4.22: Leakage test rig dimensions (the units are in mm).

Rig design allows all components to be disassembled between experiments when
dimensions of some of the components need to be changed. Some experimental
difficulties are encountered during test combinations since glued components must be
separated after each test. However, all experiments were completed successfully. The
tests are conducted to measure leakage rate at different slot depths, surface roughness,
gap, offset, and mismatch levels. Experiments are performed at pressure levels of 30 psid
(206.8 kPad), 50 psid (344.7 kPad), and 70 psid (482.6 kPad). The tests are conducted at
room temperature, and the test rig is pressurized with dry air. Tests are repeated three
times for each data point to capture variations between test cycles. In each test cycle,
pressure drop is increased up to the slightly higher than the required pressure drop level
as set by the experimental design and then decreased down to atmospheric level.
Therefore, six leakage rate data are measured and averaged for an experiment. The
leakage rate data and accuracy of the sensor are used for uncertainty analysis.

4.4 Uncertainty Analysis of Leakage Test Results

441 Cloth Weave

The uncertainty levels for the warp, shute, diagonal, and cross direction leakage
tests are illustrated in Figure 4.23 for 68.9-758.4 kPad (10-110 psid) pressure differences.

The calculated uncertainties are divided by the arithmetic mean of six corresponding

56



pressure drop leakage results. The Type B/average leakage is dependent on the accuracy
of the flowmeter; therefore, it is constant for all cases. The Type A/average leakage varied
with respect to the variance between the measurements. The combined and expanded
uncertainties followed a similar trend as the Type A uncertainty. The expanded
uncertainty/average leakage (k = 3, for a confidence level of 99.7%) is equal to or less
than 10% for all the tested cases. The uncertainty analysis addressed random
measurement errors due to the compressor, dryer, test rig, etc. No correlation between the
error rate and the pressure drop level is found.
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Figure 4.23: Uncertainty analyses for cloth weave leakage tests: (a) warp direction, (b) shute

direction, (c) diagonal direction, and (d) cross direction.

4.4.2 Cloth Seal

The uncertainty levels of screening and main experiment leakage tests are
illustrated in Figure 4.24 and Figure 4.25, respectively. The calculated uncertainties are
divided by the arithmetic mean of six corresponding pressure drop leakage results. Type
B/Average Leakage is dependent on the accuracy of the flowmeter, therefore, it is
constant for all experiments. Type A/Average Leakage is varying with respect to variance

between measurements. Combined and Expanded Uncertainties follow a similar trend
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with Type A Uncertainty. Expanded Uncertainty/Average Leakage (k = 3, for

confidence level of %99.7) is calculated less than %10 for all experiments.
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Figure 4.24: Uncertainty analyses for screening experiments.
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Figure 4.25: Uncertainty analyses for main experiments.
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5 CLOTH WEAVE AND CLOTH SEAL CFD MODEL ANALYSIS

In this chapter, computational fluid dynamics (CFD) studies for both cloth weave
and cloth seal are presented. Leakage tests are performed for both cloth weave and cloth
seal in air environment. The porous medium flow resistance coefficients can be calculated
reliably from the solution of three-dimensional Navier-Stokes equations with CFD
models and used to calibrate them for the representation of aerodynamic effects in
analytical models. Therefore, different approaches are investigated, and Sutherland-ideal
gas approach is applied for estimation of flow resistance coefficients. In order to find

calibrated resistance coefficients, cloth weave CFD analyses are conducted.

Leakage rates which are obtained in cloth weave experiments, are matched with
CFD analyses by calibrating flow resistance coefficients.

ANSYS CFX solver is used in both cloth weave and cloth seal CFD analyses.
Geometry is created in ANSYS Workbench which provides automatic mesh and surface
updates with respect to change in geometry. The workstation has 8 cores operating at 3.5
GHz with 32 GB RAM. The details of the work and findings are explained in the

following sections.

5.1 Cloth Weave CFD Analyses and Correlation with Experiments

In this study, cloth weave is modeled as porous medium with inertial and viscous
flow resistance coefficients. Leakage rate is changed with respect to these coefficients.
Porous media flow resistance coefficients are changing with respect to geometry,
pressure, temperature, etc. For this reason, several methodologies (such as pressure drop
—velocity, Sutherland-ideal gas approach, Ergun equation) are examined to estimate flow
resistance coefficients (3.2). The present study investigates the accuracy of several
methodologies to calibrate porous medium flow resistance coefficients at different
pressure loads. CFD analyses of in-plane and out-of-plane directions of cloth weave are

correlated with leakage test results. The modeling details are listed below:
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10.

11.

For in-plane CFD analysis (warp, shute, and diagonal), the CFD model is modeled
in a 3-D cartesian coordinate system (Figure 5.1). Three cell thicknesses are
considered in the third direction. The symmetry boundary conditions are applied on

two surfaces to reduce the computational domain and time.

For the out-of-plane direction of cross flow, a section model with 1 © in the 3-D
cylindrical coordinate system is used since a circular piece of cloth weave is tested in

the sample holders (Figure 5.2).

Cloth weave is modeled as a porous medium for which flow resistance coefficients
are determined by applying approach. The volume porosity of the cloth weave
domain is calculated from porosity equation derived in Section 3.3.1. It is validated

experimentally by using the weight, density, and volume of the cloth weave sample.
The operating fluid is air.

Steady-state CFD analyses are performed.

The flow is compressible and turbulent.

The turbulence flow model is set to k-¢ turbulence model with 5% turbulence

intensity at inlet and outlet faces of the model domain.

Static pressure and temperature values are defined on the inlet boundary. Opening
pressure and temperature boundary conditions are applied for outlet boundary.

Smooth wall roughness is defined for static walls. For the smooth wall roughness,
dimensionless sand-grain roughness is between 0 and 5. Adiabatic and no-slip wall

boundary conditions are used for the walls. The maximum y+ value reached 5.

In the porous cloth weave domain, the resistance coefficients are applied for each

direction of warp, shute and diagonal.

The momentum, mass, and turbulence kinetic energy residuals are set to 10—5 for
convergence. Most of the converged CFD cases provided residuals less than 10—8.
In some high pressure-ratio CFD cases (Pd/Pu < 0.1), the residuals are between 10—5

and 10-6. For all the CFD cases, several convergence criteria for the velocity,
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temperature, pressure, turbulence quantities, and inlet and outlet mass flow rates are

met.

The boundary conditions are tabulated in Table 5.1.

Direction Anal){ze Turbulence Fluid Fluid P_ressure Outlet
Details Model Temperature Difference Pressure
Shute
Warp Steady ke Air 550C 68.9-758.4 k-Pad D
Diagonal | State, 3-D (10-110 psid)
Cross

Table 5.1: Boundary conditions and model details for In-Plane and Out-of-Plane CFD analyses

CFD model domain and boundary conditions for in-plane directions of warp, shute, and

diagonal are illustrated in Figure 5.1. The out-of-plane CFD model domain and boundary

conditions for cross flow direction is shown in Figure 5.2.

Symmetry plane

Inlet
(static)
T,=25°C

AP=68.9 - 758.4 kPa

Outlet
(opening)

Symmetry plane

Figure 5.1: CFD model domain and boundary conditions for in-plane directions of warp, shute, and

diagonal.
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AP=68.9 - 758.4 kPa

}nlet ) Outlet
Ti" =25°C Pout =Patm
| [ Hi_T | |

Figure 5.2: CFD model domain and boundary conditions for out-of-plane direction of cross.

The CFD model for cross direction includes 60,000 hexahedron meshes. Meshes
are refined around the cloth weave region where pressure gradients and velocities are
high. Since pressure drops in cloth weave thickness, this thickness had at least 30 meshes
in the cross direction. A mesh view is shown in Figure 5.3 and Figure 5.4 for in-plane and
out-of-plane directions, respectively. A similar size of meshes is used in all CFD analyses.
Each simulation needs 4 to 6 hours for convergence.

upstream

upstream
cloth weave

Figure 5.3: Mesh views for in-plane directions of warp, shute, and diagonal.
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upstream
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Figure 5.4: Mesh views for cross direction.

5.1.1 Comparison of Pressure Drop-Velocity & Sutherland-ldeal Gas Approach

Flow in porous medium is subject to additional flow resistances compared to
absence of porous medium. For this reason, a cloth weave CFD model with porous
medium approach requires inertial and viscous resistance coefficients, therefore, those
coefficients need to be determined. Due to limitations of Bernouilli and Ergun’s equation
as discussed in Section 3.2, they are not included in comparison study. In order to compare
Pressure drop-velocity and Sutherland-ideal gas approaches, porous media resistance
coefficients of cloth weave are correlated for warp direction. The results of experiments
and CFD analysis with different resistance coefficient calculation methods are illustrated
in Table 5.2 and Table 5.3. The errors show the mass flow rate differences between test
and CFD results. In Pressure drop-velocity method, cloth weave pressure drop is clarified
as a function of superficial velocity. Viscous (linear) and inertial (quadratic) resistance
coefficients are determined for both “Density of average conditions” and “Inlet&outlet
density” methods. One method is named “inlet&outlet density” to obtain flow density
which is average of inlet and outlet density. Another method to obtain density is “density
of average conditions” method which uses average value of inlet and outlet pressure and

temperature in porous region.

The velocity is calculated by using mass flow rate, flow area and density which is
found with two different methods. Second-order curves are fitted with two different
methods. The calibrated flow resistance coefficients for Pressure drop-velocity
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(Inlet&outlet density) are; inertial flow resistance: a.=3.477x10° kg/m* and viscous flow
resistance: P=1.092x10° kg/m3-s. For Pressure drop-velocity (Density of average
conditions) approach, inertial flow resistance is found as «=2.150x10° kg/m* and viscous
flow resistance is p=1.375x10* kg/m3-s. These flow resistance coefficients are kept
constant for different pressure drop cases. The errors between experiments and CFD
analysis with inlet& outlet density method are high (error 18-50%). For density of average
conditions method, the errors between experiments and CFD are less than 10% for

AP>413.7 kPa (60 psi), however, the difference reaches up to 25% at AP=137.9 kPa (20
psi).

Error (%) between experimental and CFD leakage rate results
(Pressure Drop — Velocity approach)
AP AP Pressure Drop — Velocity Pre(s[isr:zig/rgf a:/;{;l;)gity
(kPa) (psi) (Inlet&outlet density) condiitions)
137.9 20 18.0 25.1
206.8 30 12.7 115
275.8 40 22.5 10.6
344.7 50 30.1 20.6
413.7 60 31.4 15.1
482.6 70 38.1 9.0
551.6 80 42.5 5.8
620.5 90 46.5 2.1
689.5 100 48.7 11

Table 5.2: Error between experimental and CFD leakage rate results (Pressure Drop — Velocity
approach)

The leakage rate errors between CFD analyses and experiments of the Sutherland-
ideal gas approach are shown in Table 5.3. Inertial flow resistance coefficients are
changing with respect to pressure ratio whereas viscous flow resistance coefficients are
constant for all cases since temperature is constant in experiments. At first, to obtain a
base point in calibration, inertial and viscous resistance coefficients for AP=689.5 kPad
(100 psid) are calibrated by matching test and CFD leakages. Inertial flow resistance
coefficient is decreased in lower pressure drop cases. For lower AP cases, the difference

between experiments and CFD is higher than 10% except Cdown = 0.9. Variation between
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experiments and CFD cases (Cdown = 0.9) are less 10% for AP=137.9 kPa - 689.5 kPa (20-
100 psi). Results show that Sutherland-ideal gas approach with Cgqown = 0.9 provides a
good leakage agreement with the experiments in warp direction.

This study shows that the use of a different set of porous flow resistance coefficients
for different pressure drop cases provides better leakage agreement. The result is
compatible with the study of Chen et.al [65]. They emphasized that resistance coefficients

are related to pressure load.

Error (%) between test and CFD results
(Sutherland-ideal gas approach)

AP (psi) | Caown =0.5 Cdown = 0.6 Cdown = 0.7 Codown = 0.8 Cdown = 0.9
20 22.2 18.9 144 8.0 2.8
30 23.5 21.2 18.1 13.2 5.1
40 18.7 16.9 143 104 3.7
50 4.7 3.1 0.9 25 8.3
60 4.2 3.1 1.5 0.9 5.2
70 4.0 3.2 2.2 0.4 2.6
80 2.6 2.1 1.5 0.4 1.4
90 15 11 0.8 0.2 0.6
100 11 1.1 11 11 11

Table 5.3: the leakage difference between the test and CFD in warp direction (Sutherland-ideal gas

approach for resistance coefficients)

In summary, leakage rate of cloth weave is investigated with both Pressure drop-
velocity and Sutherland-ideal gas approaches for warp direction. For Pressure drop-
velocity approach, second-order polynomial is fit to obtain inertial and viscous flow
resistance coefficients that lead to high leakage rate error between experiments and CFD
results. The errors between experiments and CFD of Pressure drop-velocity (Inlet& outlet
density) approach analyses are 18-50%. For Density of average conditions approach, the
errors between experiments and CFD decrease less than 10% for higher pressure, on the

other hand, the errors reach up to 25% in low pressure drop cases.

In addition to the study that details are explained in this section, both Pressure drop-

velocity and Sutherland-ideal gas approaches are also applied in different directions and
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several conditions. A comprehensive calibration study shows that the inertial or viscous
resistance coefficient is calculated as a negative value in some cases of Pressure drop-
velocity approach. Negative flow resistance coefficient values are not compatible with
the physics behind.

The results show that Sutherland-ideal gas approach provides a good match with
leakage test results by calibrating Cgqown Value. Therefore, CFD analyses are performed
and compared for all directions by calibrating flow resistance coefficients with
Sutherland-ideal gas approach in the following section.

5.1.2 Sutherland-ldeal Gas Approach CFD Analysis of Cloth Weave

In order to determine the metallic-cloth fiber flow resistance coefficients that
matched with the test leakage, metallic-cloth fiber CFD models are built for each direction
of warp, shute, diagonal, and cross. For each direction, CFD analyses are performed with
weave flow resistance coefficients calculated by using the Sutherland-ideal gas approach

and test data. Then, the CFD leakages are compared with the test leakages.

CFD analyses are run under test conditions by using the Sutherland-ideal gas
approach. In the calibration of the metallic-cloth fiber flow resistance coefficients, test
data at the minimum and maximum pressure loads are excluded, to stay in the minimal
test noise range. Thus, the CFD analyses are performed at nine points between AP = Py -
Pqd = 137.9 and 689.5 kPad (20-100 psid) with 68.9 kPad (10 psid) increments. The
ambient temperature is defined on the upstream side, which is measured during the tests.

At first, to obtain a base point in the calibration, the inertial and viscous resistance
coefficients for AP = 689.5 kPad (100 psid) are calibrated by matching the test and CFD
leakages (Figure 5.5a).
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Figure 5.5: Flowchart describes the steps for CFD analyses of Sutherland-ideal gas approach (a)

base point and (b) calibration process for different pressure loads.

In the calibration process (Figure 5.5b), the CFD analyses utilized the Sutherland-
ideal gas approach as stated in Equations 3.25-3.28. It should be kept in mind that the
inertial resistance coefficient varies with pressure and temperature (Equation 3.25),
whereas the viscous resistance coefficient is only a function of temperature (Equation
3.26). In the tests and CFD analyses, the temperature is observed to be nearly constant.
That is, the resistance coefficients changed depending on the evaluation of the pressure
level, which varied over the weave flow thickness. This is represented with the pressure
constant (Cdown) as stated in Equations 3.27-3.28. Therefore, the CFD analyses are
repeated for a range of pressure constants Cgown = 0.5-1.0 for in-plane directions and

67



Cdown = 0.0-1.0 for the cross direction, with 0.1 increments, to determine the best leakage

match with the test data.

In comparing the test and CFD leakages, the leakages are normalized by dividing
the leakage of the cross direction at the maximum pressure load of 758.4 kPad (110 psid).

All the tests and CFD leakages are compared in Figure 5.6 for all four directions of
warp, shute, diagonal, and cross. Figure 5.6 includes the whole range of pressure constant

values for all weave directions.
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Figure 5.6: Comparison of CFD and test results for various pressure constant (Cdown) values: (a)

warp direction, (b) shute direction, (c) diagonal direction, and (d) cross direction

For warp and shute directions, the best match between test and CFD leakages is

obtained for C4own=0.9 at which leakage difference between test and CFD is less than 10%
for all pressure loads of AP=137.9-689.5 kPad (20-100 psid).

For diagonal direction, Cqown=0.7 gives the minimum leakage difference of 10%.



For cross direction, Cgown=0.0 provides the best leakage agreement with tests

yielding 0.03% difference.

Thus, the best Cqown Values are listed below:

> warp 0.9
» shute 0.9
> diagonal 0.7
» Cross 0.0

All these tests and CFD works show that the use of a different set of porous

resistance coefficients for different pressure load cases provides better leakage agreement.

Flow formation within the weave are visualized by plotting pressure contours,
velocity magnitude, streamlines, and vectors in Figure 5.7, Figure 5.8, Figure 5.9, and
Figure 5.10 for warp, shute, diagonal, and cross directions, respectively.
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Figure 5.7: CFD results for warp direction (Cdown=0.9, AP=137.9 kPad)
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d) velocity vectors

Figure 5.8: CFD results for shute direction (Cdown=0.9, AP=137.9 kPad)
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d) velocity vectors

Figure 5.9: CFD results for diagonal direction (Cdown=0.7, AP=137.9 kPad
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Figure 5.10: CFD results of cross direction (Caown=0.0, AP=137.9 kPad)

In Figure 5.7, Figure 5.8, Figure 5.9, and Figure 5.10, pressure gradually drops
through cloth weave. Flow smoothly directs through the cloth weave region from the
upstream. These streamlines extending in downstream region due to flow expansion.
Flow velocity increases in the porous cloth weave domain since solid regions in porous

domain restrict the flow area and accelerates fluid.

Flow formation within the weave is visualized by plotting pressure contours,
velocity magnitudes, streamlines, and vectors in Figure 5.7, Figure 5.8, Figure 5.9, and
Figure 5.10 for the warp, shute, diagonal, and cross directions, respectively. The pressure
is almost constant, except for metallic-cloth fibers, as shown in Figure 5.7a, Figure 5.8a,
Figure 5.9a, and Figure 5.10a. The change in color shows that a pressure drop occurs in
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the region of the metallic-cloth fibers. The pressure gradually reduced through the cloth
weave from the upstream side to the downstream side. In the cloth weave region, the
pressure is constant in the radial directions. This supports the assumption that pressure
gradients are zero in radial directions, and the values of resistance coefficients in radial

directions are not important.

The flow property plots show that the flow is smoothly directed through the region
of metallic-cloth fibers from the upstream side for both the in-plane and cross directions,
in Figure 5.7b-d, Figure 5.8b-d, Figure 5.9b-d, and Figure 5.10b-d. The figures are mostly
plotted with 10 intervals. The diffusing flow into the metallic-cloth fibers accelerated
through the cloth weave in the axial direction. The velocity vectors show that the flow
strongly moved in the axial direction, and the radial velocity is almost zero in the porous
region. Then, the flow extended to the downstream region. The flow velocity reached its
maximum value at the downstream side due to expansion. Some recirculation zones
formed in the up/downstream regions. The flow velocity distributions are similar in the

in-plane directions of warp, shute, and diagonal.

In addition, Figure 5.11 illustrates the normalized pressure within the porous
metallic-cloth fibers in the flow direction. The pressure is normalized with respect to the
up/downstream pressures as in p* = (P—Pq)/(Pu—P4), while the flow direction is normalized
with the weave thickness as in z* = z/t. It should be noted that the weave thickness in the
flow direction was t = 20 mm for the in-plane directions, while it is t = 0.7 mm for the

cross direction.

1,0 -

0,9
0,8
0,7

06

p*

- S i —

0,4

e e ee Warp, 20 psid, Cdowd=0.9
= Shute, 20 psid, Cdowh=0.9
= = Diagonal, 20 psid, Cdbwn=0.7

Cross, 20 psid, cdowl=0
|

03

0,2

0,1

linear line

0,0
00 01 02 03 04 05 06 07 08 09 1,0

74



Figure 5.11: Normalized pressure within the porous metallic-cloth fibers in the flow direction

(normalized weave thickness (z*) vs normalized pressure (p*)).

Figure 5.11 shows that the pressure gradually drops over the weave thickness. The
pressure variation with the weave thickness is well represented with a polynomial
function at least in the second order. Most of the pressure drop occurs at the downstream
side. The 50% of the pressure load drops in the first 70% of the weave thickness. Thus,

the last 30% of weave thickness is subject to the 50% pressure drop.

In summary, flow properties plots show that the flow smoothly directs through the
cloth weave region from the upstream for in-plane directions. Pressure drop occurs over
the weave thickness. Then, the flow extends to the downstream region. Flow velocity
reaches its maximum value at the downstream side due to expansion. Some recirculation
zones form in the up/downstream regions. With selected Cqown Values, Sutherland-ideal
gas approach provides a very good leakage agreement with the experiments. Variations
between experiments and CFD results are less than 10% in each direction. The results of
this study show that Sutherland-ideal gas approach is a good candidate to estimate flow
resistance coefficients and leakage performance of cloth weave in turbine operating
conditions Pressure and velocity fields are visualized to find out cloth weave flow
behavior. Porous medium approach represents correlation between cloth weave and fluid

very well.

5.2 Cloth Seal Benchmark CFD Study with Conjugate Heat Transfer Model

In order to make sure the models used in cloth seal CFD analysis; previous studies
are investigated. A numerical analysis of flow and temperature distribution over cloth seal
geometry is studied by a collaboration of Rensselaer Polytechnic Institute and General
Electric USA [1]. In order to validate CFD model, a CFD analysis is generated based on
geometry and boundary conditions that are used in the previous study [1]. The analysis is
run with similar specified geometrical configuration and boundary conditions as shown
in the paper. However, geometry and boundary conditions may not be the same as the
paper, since some of the properties are not defined clearly. CHT (Conjugate Heat
Transfer) models are also included to observe temperature distribution of solid shim and

turbine slots. Model is generated in ANSYS Workbench, and analyses are completed in
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CFX commercial tool. The model is built in 2-D planar-symmetric coordinate system.
The symmetry boundary condition is also defined to turbine slot side. The working fluid
is air while simulating the benchmark CFD analysis. The flow in the entire cavity is
modeled as compressible and turbulent. The standard k-epsilon approach is used for
turbulent flow. The total number of cells is about 134,000 for CFD model. Metal shim
and stator casing are modeled with solid materials. Since cloth weave is modeled as a
solid domain with a half reduction in its thermal properties in the previous study [1], same
methodology is followed in benchmark CFD analysis while modeling cloth weave region.
The inlet is defined as inlet boundary condition with static pressure and temperature while
the outlet of the model is defined as opening boundary with static pressure upon specified
values at upstream and downstream regions. Since cloth seal applied in static sealing
regions, surface speed of walls are defined as zero in the model. Benchmark study CFD
model geometry and the boundary conditions are illustrated in Figure 5.12. Right half of
the overall geometry is modeled, and symmetry boundary condition is applied in the
middle plane of cloth seal. Therefore, number of cells is reduced by 50% without any loss
of accuracy. The clearance is selected as 0.0427 mm (1.68 mil) which is calculated with

respect to the table given in Appendix A.

Absolute Pressure:
6.264 [bar]

Temperature:
427°C

Symmetry Wall Symmetry Wall
=

Absolute Pressure:

26ifbr

Temperature:

Wall-Temp = 1049°C

Figure 5.12: CFD analysis geometry and boundary conditions for the benchmark study

The boundary conditions and leakage result are tabulated in Table 5.4. Since cloth
seal is applied to reduce cooling air contribution to hot gas, upstream temperature is the

temperature of coolant flow coming from compressor. Downstream temperature is the hot
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gas temperature; therefore, it is considerably higher than upstream temperature. Leakage

rate is expressed for 2.54 um (0.1 mil) third direction thickness.

. Clearance Tdown AP Leakage Rate
Case  |Ambient Tup [C Pup [kPa] |Pdown [kPa
m) | TPICN ey | PuplkPal kPl kpac) | ko]
CFD 3.82x10°8
Benchmark |  Air 427 427 1049 626.4 261 365.4 (for 2.54 um
Study thickness)

Table 5.4: CFD analysis boundary conditions and leakage result for the benchmark study

. . Density | Specific Heat Capacity | Thermal Conductivity
Region Material [kg/m?] [I/kg.K] [W/m.K]
Cloth Seal | Haynes 230 (with half} s 287 112
thermal properties)
Fluid Air Calculated by ANSYS CFX
Shim
Stator Casing Inconel 939 7932 664 20.6

Table 5.5: Properties of material used in the CFD model

The velocity vectors are shown in Figure 5.13 for both AIAA paper [1] (white-black
pictures on the left side) and studied benchmark CFD analysis (colored pictures on the
right side). High-velocity regions are observed around entrance and exit of clearance
region. The flow smoothly approaches the clearance from the upstream side and it

accelerates drastically in the clearance region.

Benchmark CFD Analysis

AIAA Paper

Velocty

>l Dense flow area after
clearance region msr)

| Lr| U profile of flow. \’
High velocity in the L
| entrance of clearance
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Figure 5.13: Velocity vector plots of AIAA paper (left) [1] and benchmark study (right)

Velocity streamlines are shown for benchmark study in Figure 5.14. Flow smoothly
reaches to upper side of cloth seal and turns from first corner. It directs through lateral
gap after second corner and accumulates in a U-profile in lateral region. Flow speeds up
drastically in clearance region due to narrow cross-section. In benchmark CFD analysis,
a recirculation region is observed on downstream side. The difference is a result of the

definition of the outlet boundary.

i

Figure 5.14: Velocity streamlines of AIAA paper (left) [1] and benchmark study (right)

Temperature distribution plots are shown in Figure 5.15. Temperature profile o are
compared. Benchmark study provides realistic solid temperature distribution with smooth
temperature raise from upstream side to downstream side in solid region. However, since
boundary conditions of solid region are unknown in the study [1], there is a temperature
distribution difference in solid region. The reason for such a difference might be due to

temperature boundary condition in upper surface of solid region.
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Figure 5.15: Temperature contour plots of AIAA paper (left) [1] and benchmark study (right)

Pressure distribution of flow region in benchmark CFD model is shown in Figure
5.16. Significant portion of the pressure drop is observed in the clearance region due to

choking zone.

Absolute Pressure
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Figure 5.16: Pressure profile of benchmark study

Figure 5.17 presents temperature distribution of benchmark CFD&CHT analysis.
Coolant air enters the flow region with the temperature lower than 500 C. Its temperature
increases up to 600 C while reaching clearance region. Air temperature exceeds 800 C
after clearance region. Cloth seal temperature reaches up to 700 C, therefore, materials
for cloth weave and metal shim should be selected from the materials operating in high-

temperature (such as Haynes or Inconel series).
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Figure 5.17: Temperature profile of the benchmark study

5.3 Cloth Seal CFD Analyses

After cloth weave CFD analyses are correlated with test results, resistance
coefficients are obtained for different directions and pressure drop levels. Steady-state
CFD simulations for cloth seals are completed to observe leakage performance and flow
distribution. Parametric CFD model geometry is generated in ANSYS Design Modeller.
This model provides easy and quick change in geometric dimensions. Meshing process is
also automated by defining number of nodes in divided edges, therefore, mesh of the
model can be automatically updated. In order to correlate leakage rates of test results with
CFD models, operating clearance is changed iteratively. In both baseline and offset
positions, operating clearances are changed in CFD models until test results and CFD
results are matched. In CFD analyses, the operating fluid is air which is modeled as
compressible and turbulent. The turbulence flow model is set to standard k-¢ turbulence
model with 5% turbulence intensity at inlet and outlet faces of the fluid domain. Static
pressure and temperature values are defined on the inlet boundary. Opening pressure and
temperature boundary conditions are applied for outlet boundary. In the porous cloth
weave domain, calibrated resistance coefficients are applied as anisotropic. Therefore,

resistance coefficients are different in different directions.
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5.3.1 Cloth Seal CFD Analysis in Test Conditions

In order to find operating clearance for a pressure drop, leakage rates of test and
CFD results are matched. Mesh details of cloth seal CFD analysis are illustrated in Figure
5.18. 160,000 elements are applied in mesh models. Mesh is refined in clearance zone to

capture high gradients of flow properties.

cloth

Figure 5.18: Cloth seal CFD model mesh details

CFD analyses are performed as steady-state condition in CFX with a 3D model.
The operating conditions of CFD analyses are the same as leakage test conditions. Cloth

weave region is modeled with porous medium approach.

T P P AP Offset | Operating | Leakage
Position [ éa’ [kFL;Z] [kdlg“gi [kPad] Level | Clearance |Flow Rate
[mm] [mm] [9/s]
Baseline 0 0.0195 6.78
25 441 101 340
Offset 0.2 0.0103 4.03

Table 5.6: Boundary conditions and results of CFD analysis of cloth seal (leakage test condition)

In Figure 5.19, pressure contours of cloth seal design are illustrated. Normalized
pressure is calculated as (Normalized Pressure = (Pressure — Pmin) / (Pmax — Pmin)). Pressure
contours are plotted with 16 intervals. In Figure 5.19 (a), high-pressure drop occurs in the
choking zone. The pressure is almost constant except choking zone. In Figure 5.19 (b),
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pressure drop is observed in both choking zone and porous cloth region. This may be a

result of the contraction around the slot edges which close to downstream side.
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(b)
Figure 5.19: Normalized pressure distribution of cloth seal design in test conditions
a) baseline position b) offset position
The velocity vectors and streamlines are illustrated in Figure 5.20 and Figure 5.21.
Normalized velocity is calculated as (Normalized Velocity = Velocity / Vimax). Mass flow
rate which is equal to the product of density, velocity, and flow area, remains constant
due to the conservation of mass. Area and density in choking zone are less than upstream

flow region. Therefore, flow accelerates at the choking zone.

The flow smoothly directs through the choking zone from the upstream for baseline

and offset positions in Figure 5.21. Then, the flow extends to the downstream region. Due
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to the offset position, streamlines are not symmetric towards outlet (Figure 5.21 (b)). A

recirculation area is observed on one side of the downstream channel.
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Figure 5.20: Normalized velocity vectors of cloth seal design in test conditions

a) baseline position b) offset position
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Figure 5.21: Normalized velocity streamlines of cloth seal design in test conditions

a) baseline position b) offset position

The density contours are shown in Figure 5.22. Normalized density is calculated as
(Normalized Density = (Density — pmin) / (pmax — pmin)). As a characteristic of a
compressible flow, the density is a function of the pressure. For this reason, density
distribution shows same trend as pressure distribution. The density mostly changes at the

choking zone where high-pressure gradients occur.
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Figure 5.22: Normalized density distribution of cloth seal design in test conditions

a) baseline position b) offset position

5.3.2 Cloth Seal CFD Analysis in Turbine Conditions

In previous section, cloth seal CFD analyses are performed in test conditions to find
operating clearances. These operating clearances are used in CFD analysis of turbine
operating conditions. Same CFD geometries are used in test and turbine condition
analyses. The flow is modeled as compressible and turbulent with standard k- model.
Static pressure and temperature are defined for inlet whereas opening pressure and
temperature are given for outlet boundary. The results of baseline and mismatch positions
are tabulated in Table 5.7. Upstream and downstream pressure levels are different from
test condition analyses. The pressure and temperature of boundary conditions are defined
from an industrial gas turbine data, therefore, they are excluded from table. The pressure

drop level is the same as test condition CFD analyses.

AP Offset |Operating| Leakage
Position Level [Clearance|Flow Rate
[kPad]
[mm] [mm] [9/s]
Baseline 0 0.0195 213.6
340
Offset 0.2 0.0103 140.5

Table 5.7: Boundary conditions and results of CFD analysis of cloth seal (turbine condition)
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In Figure 5.23, pressure contours of cloth seal design are illustrated. Normalized
pressure is calculated as (Normalized Pressure = (Pressure — Pmin) / (Pmax — Pmin)). In
Figure 5.23 (a), high-pressure difference occurs in the choking zone. The pressure is
almost constant except choking zone. In Figure 5.23 (b), pressure mostly changes in

choking zone and a portion of pressure drop is observed in porous cloth region.
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Figure 5.23: Normalized pressure distribution of cloth seal design in turbine operating conditions

a) baseline position b) offset position

The velocity vectors and streamlines are illustrated in Figure 5.24 and Figure 5.25.
Normalized velocity is calculated as (Normalized Velocity = Velocity / Vimax). The flow
accelerates at the entrance of clearance due to conservation of mass. Similar to test

conditions, the flow smoothly directs through the choking zone from the upstream for
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baseline and offset positions in Figure 5.25. Then, the flow extends to the downstream
region. Due to the offset configuration, streamlines are not symmetric towards the outlet
(Figure 5.25 (b)).

Velocity
1
0.88
0.75

0.63

il

0.50

0.38

0.25

0.13

|
|

(@)

Velocity

0.88
0.75

0.63

0.50

0.38

0.25

0.13

(b)

Figure 5.24: Normalized velocity vectors of cloth seal design in turbine operating conditions

a) baseline position b) offset position
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Figure 5.25: Normalized velocity streamlines of cloth seal design in turbine operating conditions

a) baseline position b) offset position

The density contours are shown in Figure 5.26. Normalized density is calculated as
(Normalized Density = (Density — pmin) / (pmax — pmin)). The density follows a similar trend
with pressure. It mostly changes at the choking zone where high-pressure gradients occur.

88



Density

1
0.94

0.88
0.82
0.76

0.62
0.63
0.57

0.51
0.44
0.38

0.32
0.26
0.19
0.13
0.06
0

Density
1

0.94
0.88
0.82

0.76
0.69
0.63
0.57
. 0.51

0.44
0.38
0.32
0.26
0.19
0.13
0.06
0

(b)

Figure 5.26: Normalized density distribution of cloth seal design in turbine operating conditions

a) baseline position b) offset position

Cloth seal CFD analyses provide the leakage rate in turbine operating conditions
with calibrated flow resistance coefficients and operating clearance. In order to obtain the
increase of overall power output with cloth seal application, a system level analysis of
gas turbine needs to be performed. A flowchart of a system-level assessment for a gas
turbine is illustrated in Appendix D.
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6 DESIGN OF EXPERIMENTS

In this chapter,  The optimized output is called as objective and inputs which have
impact on objective is named as parameters. Discrete parameters are defined in a certain
number of values. Such values are named as levels. Equivalent gap is selected as objective
to compare cloth seal leakage performance for various designs and boundary conditions.
Once the leakage rate is obtained, equivalent gap is estimated. To understand the effects
of several cloth seal parameters on equivalent gap, a systematic design of experiments is

generated. Steps of DoE study are explained as below:

e Identification of the parameters affecting the leakage performance
e Selection of the method for screening experiments

e Establishing an experimental design for screening experiments

e Pareto chart and identification of strong parameters

e Comparison test results with the data existing in the literature

e Establishing experimental design for main experiments

e Pareto chart and a closed-form equation for strong parameters

Cloth Seal Leakage Performance Parameters

Parameters that affect the leakage performance are listed in Table 6.1. Geometric
parameters of the cloth seal are illustrated in Figure 6.1. In order to perform a high-
resolution DOE study, the number of parameters should be reduced. Therefore, the last
ten parameters (parameters 9-18) are fixed at common values based on engineering
judgment and literature data. Cloth material is selected as cobalt-based alloy Haynes
25/L.605 which has superior high temperature wear resistance and is used as common
cloth material [7],[11]. Haynes alloy 188 has good oxidation resistance for high
temperature and is commonly used as shim material in cloth seals [11]. The data provided
in the literature indicates that Dutch Twill with 30 % 250 per inch density provides better
leakage performance and is commonly used as the cloth of choice in cloth seals [10].
Therefore, Dutch Twill is selected as the cloth weave type with 30 x 250 density which

also determines cloth weave thickness, warp and shute diameters. Spot weld diameter is
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selected by considering integrity to cloth wires and minimum additional stiffness. Slot
height is selected much higher than cloth seal thickness as commonly practiced allowing
easy blind engine assembly. Due to experimental limitations and limited effect on elastic
modulus, the effect of temperature is omitted in this study. The remaining eight
parameters are considered to have a significant effect on leakage performance and are
selected for a higher resolution DoE study. In order to measure leakage performance, the
objective of the DoE study is selected as the leakage rate that the mass flow rate leaks

through the cloth seal.

No Parameter Name Abbreviation No Parameter Name Abbreviation

1 Slot depth SD 10 Cloth material CM
2 Cloth width CwW 11  Cloth weave thickness CWT
3 Gap GP 12 Dia. of warp fiber DW
4 Shim thickness ST 13 Dia. of shute fiber DS
5  Surface roughness SR 14 Weave type WT
6 Pressure drop PD 15 Weave density WD
7 Offset OF 16 Spot weld dia. SW
8 Mismatch Ml 17 Slot height SH
9 Shim material SM 18 Temperature TE

Table 6.1: Candidate parameters for cloth seal leakage performance study.

P10w
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Figure 6.1: Cloth seal geometric parameters.

6.1 Screening Experiment Design

Even though the number of parameters is reduced to eight, the derivation of a

nonlinear relation between eight parameters and leakage rate requires a high number of
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experiments for a high-resolution study. Therefore, screening experiments are performed
to determine the strong parameters with a high effect on leakage performance. The least

significant parameters are eliminated for final DoE study.

If a full factorial experiment design is used, all experiment design combinations
should be tested. This requires 28 = 256 experiments for two-level experiment designs,
while the number rises to 3% = 6561 for three-level experiment designs. As a result, full
factorial experiment design demands very long test period and high cost. Therefore, the
number of experiments should be further reduced using a fractional factorial experiment
design for screening experiments. It is straightforward and simple to design in the chosen

levels of parameters. Minitab software is used for Fractional Factorial Design.

In order to investigate the selected eight parameters, a two-level Resolution 1V
experiment design is applied. Therefore, the number of experiments is reduced to a
significant amount while using a high number of parameters. Table 6.2 shows the selected
levels for the eight parameters. Sixteen experiments are prepared to analyze the effect of
eight parameters in two-levels. They are tested with the parameter levels as tabulated in
Table 6.3.

No Parameter Name Unit Abbreviation Level

1 Slot depth mm SD 32-36

2 Cloth width mm Cw 22 - 26

3 Gap mm GP 4-8

4 Shim thickness mm ST 0.254 - 0.508
5 Surface roughness pum SR 0.8-6.4

6 Pressure drop kPad PD 206.8 — 482.6
7 Offset mm OF 0-0.2

8 Mismatch ° Ml 0-0.6

Table 6.2: Parameters of screening experiments with levels.

Exp. SD Cw GP ST SR PD OF Ml

No. [mm] [mm] [mm] [mm] [uwm] [KkPad] [mm] [°]
1 32 22 4 0254 0.8 206.8 0 0
2 36 22 4 0254 0.8 482.6 0.2 0.6
3 32 26 4 0254 6.4 206.8 0.2 0.6
4 36 26 4 0254 6.4 482.6 0 0
5 32 22 8 0.254 6.4 482.6 0.2 0
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6 36 22 8 0254 6.4 206.8 0 0.6
7 32 26 8 0.254 0.8 482.6 0 0.6
8 36 26 8 0.254 0.8 206.8 0.2 0
9 32 22 4 0508 6.4 482.6 0 0.6
10 36 22 4 0508 6.4 206.8 0.2 0
11 32 26 4 0.508 0.8 482.6 0.2 0
12 36 26 4 0.508 0.8 206.8 0 0.6
13 32 22 8 0.508 0.8 206.8 0.2 0.6
14 36 22 8 0.508 0.8 482.6 0 0
15 32 26 8 0.508 6.4 206.8 0 0
16 36 26 8 0.508 6.4 482.6 0.2 0.6

Table 6.3: Screening experiments.

The high and low levels of the parameters are selected to cover typical turbine
applications and pressure drop levels for common cloth seal operation ranges. The
significance of parameters is analyzed with a Pareto chart. Leakage rate trends with

respect to levels of each parameter are examined in an effect chart.

Similar to the previous studies [9],[10] applied, leakage rates are
nondimensionalized and normalized by dividing the leakage rates with that of the rigid
seal under baseline (without offset and mismatch) position at the condition that pressure
drop is equal to downstream pressure (Piow/Phigh = 0.5). The parameters for the baseline
rigid seal test are slot distance = 32 mm, shim width = 26 mm, gap = 4 mm, shim thickness
= 0.254 mm, surface roughness = 6.4 um, pressure drop = 101.3 kPad, offset = 0 mm,

and mismatch = 0°.

Figure 6.2 shows the relative effects of parameters in a Pareto Chart. Alpha is the
statistical significance level which is the probability of the study rejecting the null
hypothesis. Its value is selected as 0.05. Results show that four parameters among the
others stand out. These strong parameters are pressure drop, cloth width, slot depth and
offset.
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Figure 6.2: Pareto Chart for Screening Experiments

The main objective of the screening results is to determine strong and weak
parameters and reduce the number of experiments for the main experimental study.
Therefore, these four parameters are selected for detailed study in the main experiments.
Surface roughness, gap, mismatch, and shim thickness appear relatively weaker
parameters to influence leakage performance. As expected, pressure drop has the highest
impact on leakage. The standardized effect for pressure drop is 3.186. The leakage
performance is negligibly affected by shim thickness. The standardized effect is

calculated as 0.133 for shim thickness.

The effect plot for leakage rate is illustrated in Figure 6.3. Eight parameters are
shown with their trends. Strong parameters have higher leakage differences between high

and low levels. The dimensional changes in geometric parameters are shown as diagrams

in Figure 6.4.
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Figure 6.3: The effect plots for normalized leakage rate (screening experiments).

94



T 2
R R ]
8 mm

(©

Figure 6.4: Diagrams for dimensional changes, (a) slot depth; (b) cloth width; (c) gap; (d) shim
thickness.

As expected, the leakage rate significantly increases with a higher pressure drop.
This is in line with the reports in the literature [10]. Pressure drop of 482.6 kPad (70 psid)
experiments have approximately double of mean leakage rate compared to pressure drop
of 206.8 kPad (30 psid).

The reducing cloth width increases leakage rate by two-thirds since the area
resisting the flow decreases with reducing cloth width. There is no published data about
the effect of cloth width on cloth seal leakage performance. This situation also explains
the leakage rise with a higher gap distance. Clearance area between the cloth seal and slot

is reduced by increasing the gap value.

36 mm slot depth experiments have a 60% higher average leakage rate than those
with 32 mm slot depth. There is no published data about the effect of slot depth on cloth
seal leakage performance. The slot depth considerably affects the flow pattern in the zone
between shim tabs and lateral slot walls. Flow is limited with narrower lateral areas;

therefore, leakage is diminished by the shorter distance between slots.

Leakage rate is decreased a little with offset condition. It is thought that in offset

condition, the cloth seal improves its contact at one side while another side still maintains
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its contact with the seating surface without losing choking points at the tabs due to its

flexibility.

The leakage rate is increased with a shallow gradient by rising shim thickness.
Leakage rate of 0.508 mm shim thickness is 2.8% higher than 0.254 mm shim thickness.
This is somehow expected due to the fact that thicker shim is less flexible. Aksit et. al.
[9] also stated that lower shim thickness provides higher flexibility leading to slightly

better performance.

Roughness has reduced effect in the working range. There is no published data
about the effect of roughness on cloth seal leakage performance. This reduction may be
explained as a result of higher friction losses and higher surface turbulence. Rough

surface leads to the absorption of more energy from the fluid.

Figure 6.5 illustrates the normalized leakage rate of sixteen experiments which are
tabulated in Table 6.3. The lowest leakage rate is obtained in Exp. No. 15 and the highest
leakage rate is observed in Exp. No. 14. Figure 6.5 shows that Exp. No. 15 has an 86%
lower leakage rate than Exp. No. 14. This result emphasizes that the pressure and
geometric dimensions may have a big impact on leakage rate of the cloth seal.
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Figure 6.5: Normalized leakage rate of experiments (screening experiments).

The rigid seals are widely used as conventional sealing technology. Therefore, its

leakage rate under nominal conditions (no offset, no mismatch) has been selected as the
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baseline to normalize all other data. In Figure 6.6 and Figure 6.7, the equivalent gap rates
are nondimensionalized and normalized by dividing the equivalent gap rates with that of
the rigid seal under baseline (no offset, no mismatch) position and Piow/Phigh = 0.5
condition. To facilitate meaningful comparison, the test conditions of the rigid seal
(pressure ratio, temperature, offset, and mismatch) are kept the same with the literature
[9],[10]. If a cloth seal design has a normalized equivalent gap less than 1, its leakage

performance is better than the baseline rigid seal.
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Figure 6.6: Normalized equivalent gap data (baseline condition).
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Leakage performance of selected experiments in terms of the normalized equivalent
gap is illustrated and compared with previous studies [9],[10] in Figure 6.6 for baseline
conditions. Cloth seals in Exp. No. 1, 4, and 14 have equivalent gap approximately 62%,
49%, 39% less than the baseline rigid seal (at PR = 0.5), respectively. Equivalent gap
remains almost constant with respect to pressure ratio for Exp. No. 1, 4 and 14. The results
of experiments follow similar trends with reported literature data for the cloth seal with
double crimped shim cloth seal [9] and with the curved cloth seal when pressure load is
applied from the inside of the corner [10]. Double crimped shim cloth seal [9] has overall
an 0.254 mm thickness of shim which is bent from edges to create tabs. This design is
similar to the design used in the present study. Radius corner seals [10] which comprise
of cloth layer around the shim, are applied to a corner region. In Figure 6.6, the test
conditions of the experiments (pressure ratio, temperature, offset, and mismatch) are kept
the same with the literature [9],[10]. In Figure 6.7, the present study is compared with the
literature [10] in terms of leakage performance at offset and mismatch conditions. This
plot presents the test results for 0.2 mm offset and 0.6° offset and mismatch conditions.
The data indicate that cloth seals under offset and mismatch conditions provide better
leakage performance than comparable rigid seals under nicely aligned baseline conditions
at 0.5 pressure ratio. The data also indicate that the normalized equivalent gap slightly
decreases with decreasing the pressure ratio (Piow/Pnigh) which means higher pressure
drop. It is concluded that higher pressure drop causes flexible cloth seal to conform to the
slot surfaces better and reduces the equivalent sealing clearance. Offset and mismatch
values are 0.762 mm and 0.9° for curved cloth seal [10], respectively. Figure 6.7 indicates
that the studied seal designs show slightly better performance than 0.5 in radius corner
seals reported by Aksit et al. [9] under offset and mismatch conditions.

6.2 Main Experiment Design

After strong parameters are determined through screening experiments, a detailed
experimental design study is conducted. In screening experiments, a two-level factorial
experiment design provides a linear change between parameters and leakage rate. In this

condition, the derived leakage equation will be expressed as:
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K
m=ay+ z aix;+¢ (6.1)
i=1

To observe whether a nonlinear behavior occurs in the trend, a three-level
experiment design with a midpoint is required. Therefore, a Box-Behnken experiment
design is selected as the methodology for the main set of experiments. The Box-Behnken
experiment design is rotatable, and quadratic effects are also considered for leakage rate
of the parameters. After main experiments are completed, a four-dimensional response
surface can be fitted with test leakage results. Box-Behnken design provides leakage

equation in the form of

Kk Kk
m=a,+ Z a;x; + Z a;x? + Z Z a;x;x; + € (6.2)
i=1 '

i=1 i<j
m is leakage rate, xiis the parameters, a; are the coefficients and ¢ is the error term.

The parameters and their levels are tabulated in Table 6.4. Based on the screening
experiment results, the parameters are grouped as weak and strong. Four main strong
parameters which are slot depth, cloth width, pressure drop, and offset, are selected for
the main experiments. The weak parameters which are gap, shim thickness, surface
roughness, and mismatch are fixed to the values as shown in Table 6.4. Only strong
parameters are varied in order to reduce the number of experiments to a manageable size.
The minimum and maximum levels of strong parameters are the same as the levels used
in the screening experiments. Twenty-seven experimental designs are tested as shown in
Table 6.5.

No Parameter Name Unit  Abbreviation Level
1 Slot depth mm SD 32-34-36
2 Cloth width mm Cw 22-24-26
3 Gap mm GP 4
4 Shim thickness mm ST 0.254
5 Surface roughness um SR 6.4
6 Pressure drop kPad PD 206.8-344.7-482.6
7 Offset mm OF 0-0.1-0.2
8 Mismatch ° Mi 0

Table 6.4: The parameters of the main experiments with levels.
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Exp. SD CwW GP ST SR PD OF MlI

No. [mm] [mm] [mm] [mm] [wm] [kPad] [mm] [°]
1 32 22 4 0.254 6.4 344.7 0.1 0
2 32 26 4 0.254 6.4 344.7 0.1 0
3 32 24 4 0.254 6.4 344.7 0 0
4 32 24 4 0.254 6.4 344.7 0.2 0
5 32 24 4 0.254 6.4 206.8 0.1 0
6 32 24 4 0.254 6.4 482.6 0.1 0
7 34 24 4 0.254 6.4 206.8 0 0
8 34 24 4 0.254 6.4 482.6 0 0
9 34 24 4 0.254 6.4 206.8 0.2 0
10 34 24 4 0.254 6.4 482.6 0.2 0
11 34 22 4 0.254 6.4 206.8 0.1 0
12 34 26 4 0.254 6.4 206.8 0.1 0
13 34 22 4 0.254 6.4 482.6 0.1 0
14 34 26 4 0.254 6.4 482.6 0.1 0
15 34 22 4 0.254 6.4 344.7 0 0
16 34 26 4 0.254 6.4 344.7 0 0
17 34 22 4 0.254 6.4 344.7 0.2 0
18 34 26 4 0.254 6.4 344.7 0.2 0
19 34 24 4 0.254 6.4 344.7 0.1 0
20 34 24 4 0.254 6.4 344.7 0.1 0
21 34 24 4 0.254 6.4 344.7 0.1 0
22 36 22 4 0.254 6.4 344.7 0.1 0
23 36 26 4 0.254 6.4 344.7 0.1 0
24 36 24 4 0.254 6.4 344.7 0 0
25 36 24 4 0.254 6.4 344.7 0.2 0
26 36 24 4 0.254 6.4 206.8 0.1 0
27 36 24 4 0.254 6.4 482.6 0.1 0

Table 6.5: Main experiments.

The impact of parameters on the leakage performance is investigated with sensor
measurements in the test rig. Leakage rates and pressure drop are measured for each set
of experiments. No damage occurred in the cloth seal designs due to wear, pressure drop,
offset, and mismatch conditions. Manufactured cloth seals perfectly handle stresses result
from offset&mismatch and applied pressure.

After the experiments are completed, cloth seal leakage performance is evaluated
as a function of pressure and geometric dimensions. Leakage rate is selected as the
objective to plot the Pareto Chart and the Main Effect Plot. Various graphs are plotted to
illustrate the effects of parameters on the leakage performance.

The main experiment combinations are selected based on the Box-Behnken
experiment design. Twenty-seven experiments are conducted to generate the
experimental data set to fit a closed-form equation. In order to check the validity and
accuracy of the derived equation under different conditions, eight different combinations
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have been used for confirmation experiments. Confirmation experiment combinations are
selected so that none of them match the main experiments. Results of the main
experiments are used for curve fit purposes. Once an equation has been fit, leakage (flow)
rate estimates of this equation are compared with the actual test results obtained in the
main experiments. The obtained equation is also applied for the confirmation
experiments, and predictions of the fit equation are also compared with the confirmation
test results. Table 6.6 compares the results for both main and confirmation experiments.
It shows the error in terms of leakage rate between the closed-form equation predictions
and experimental results. To improve the accuracy of the fit, equation fit has been
repeated by selectively excluding outlier experiments. The row labeled as ‘without
outlier’ presents the case, where all of the twenty-seven experiments are included in the
fit to obtain the closed-form equation. Once the equation is derived, calculated leakage
rates are compared with each of the twenty-seven main experiment results as well as the
eight confirmation experiment results. The reported maximum error values are tabulated
for the experiments with the maximum fit error among twenty-seven main experiments
and eight confirmation experiments in separate columns. The initial fit including all data
points resulted in a poor fit with 53% maximum error. In order to improve the accuracy
of the fit, it has been decided to exclude outliers from the fit selectively. A systematic
approach has been adapted by excluding each run combination one by one and repeating
the curve fit to identify the best fit providing the minimum error for all the experiments.
After identifying the outlier experiments that provide the fittest improvement, the
combinations of these experiments have been excluded to achieve a better fit. Four outlier
experiments are identified as combinations numbered 3, 6, 17, and 20. These four outlier
experiments are gradually excluded from the derivation of the closed-form equation. For
the cases labeled as “one outlier excluded”, each one of the identified outlier experiments
is excluded from the equation fit process systematically one at a time. Four different
equations have been derived for each case. Calculated leakage rates using these equations
are compared with the experimental data from both all main experiments and
confirmation experiments. The closed-form equation, where outlier combination #17 is
excluded from the fit, yielded the lowest “max error” when compared to the leakage data
from the main experiments. However, this error was still too high with the rate of 45%.
On the other hand, the closed-form equation, where outlier combination #3 is excluded
from the fit, yielded the lowest “max error” when compared to the leakage data from the

confirmation experiments. Again, this error was also very high with the rate of 38%.
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Therefore, it has been decided to proceed with the selective outlier exclusion process by

conducting exclusions two at a time, then three at a time, and all four at once.

The selective outlier exclusion forming the equation fit process indicates that
maximum error decreases when higher number of outliers are excluded. The lowest error
has been achieved where all four outlier combinations are excluded from the equation fit
process. The resulting equation ends up with leakage estimates with maximum 20% error
when compared to each of all main experiments and confirmation experiments. Therefore,
the final closed-form equation is selected by excluding experiments # 3, 6, 17, and 20
from the fit process. The final model fits the data with 95% R? value and with 90%

adjusted R? value.

] Max Error %
Outlier No(s) (from Max Error % ) )
Case ) ) ) ] (Confirmation
Main Experiments) (Main Experiments) ]
Experiments)

Without Outlier - 53 53
3 56 38

One Outlier 6 55 49
Excluded 17 45 a1
20 53 53

3,6 58 26

3,17 33 40

Two Outliers 3,20 43 50
Excluded 6,17 35 29
6,20 30 37

17,20 47 43

3,6,17 35 33

Three Qutliers 3,6,20 39 44
Excluded 3.17.20 36 38
6,17,20 39 33

Four Outliers

Excluded 3,6,17,20 20 20

Table 6.6: Leakage rate error between experiments and closed-form equation.

The final closed-form equation defining the relationship between the strong

parameters and normalized leakage rate is presented as:
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Normalized Leakage = -65.98 + 1.454 SD + 3.349 CW + 0.01393 PD + 9.9 OF + 0.0083
SD*SD - 0.0132 CW*CW + 0.000003 PD*PD + 4.92 OF*OF - 0.0797 SD*CW -
0.000114 SD*PD - 0.195 SD*OF - 0.000417 CW*PD - 0.205 CW*OF - 0.00785 PD*OF
(6.3)

Calculated leakage rates are compared with the test data from eight confirmation
experiments and tabulated in Table 6.7. There is no observed correlation between error
rate and levels of the parameters. However, the error can be as high as 20% for the
estimates of the derived equation. In order to understand whether fit accuracy deteriorates
further for other design combinations, it has been decided to use more test data. Therefore,
additional eight experiments other than the previously tested combinations (twenty-seven
main experiments and eight first confirmation experiments performed earlier) have been
conducted. The results of the second confirmation runs are presented in Table 6.8. As the
results indicate that all of the error levels are also below 20% in the second run of
confirmation experiments. More than half of the experiments have less than 10% error as

presented in Table 6.8.

Norm. Norm.
Leak. Leak. Error

(Eq.)  (Exp.)

Exp. SD Cw GP ST SR PD OF Ml
No. [mm] [mm] [mm] [mm] [um] [kPad] [mm] [°]

1 32 22 4 0.254 64 206.8 0.1 0 0.3869 0.3306 15%
2 32 24 4 0.254 6.4 206.8 0.2 0 0.4155 0.3339 19%
3 32 24 4 0254 64 344.7 0.1 0 0.7139  0.6651 7%
4 34 22 4 0.254 6.4 344.7 0.1 0 1.0388 1.1325 9%
5 34 26 4 0.254 6.4 344.7 0.1 0 0.4042 0.4850 20%
6 34 22 4 0254 64 206.8 0.2 0 0.6588 0.5273  20%
7 34 24 4 0.254 6.4 206.8 0.1 0 0.6481  0.6007 7%
8 36 24 4 0254 64 206.8 0 0 1.1235 1.0195 9%
Table 6.7: Leakage rate error between confirmation experiments and closed-form equation
Exp. SD CwW GP ST SR PD OF MI Norm.  Norm.

No. [mm] [mm] [mm] [mm] [um] [kPad] [mm] [ I(_égk) (I_Ee;: ) Error

1 32 22 4 0.254 64 482.6 0.1 0 1.0464 1.0196 3%
2 32 24 4 0.254 64 482.6 0.2 0 0.6285  0.6654 6%
3 34 24 4 0.254 64 344.7 0.2 0 0.4863 0.5188 7%
4 34 26 4 0254 64 482.6 0 0 1.0652 0.9064 15%
5 34 22 4 0254 64 482.6 0.2 0 1.0389 09112 12%
6 34 24 4 0254 64 482.6 0.1 0 1.0147  0.9193 9%
7 36 24 4 0.254 64 482.6 0 0 1.6437  1.7629 7%
8 36 24 4 0.254 64 482.6 0.2 0 0.6748 0.7511 11%

Table 6.8: Leakage rate error between additional confirmation experiments and closed-form

equation
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Figure 6.8 illustrates the variation trend of the normalized leakage rate with respect
to four strong parameters. The parameters show nonlinear behaviors that cannot be
detected in two-level screening experiments. It is also observed during screening
experiments that leakage flow becomes higher with an increase in slot depth and leakage
rate decreases with an increase in cloth width. As expected, leakage increases with a

higher pressure drop.

All trends obtained from main experiments are compatible with the ‘Effect Plot’ of

screening experiments in Figure 6.3.
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Figure 6.8: The effect plots for normalized leakage rate (Box-Behnken designs with four outliers)
In the literature [9], [10], the leakage rate is usually constant or increasing with
offset&mismatch conditions. In this study, leakage rate is decreasing with a higher offset

level. The trend function of offset parameter is convex. Therefore, this trend may diminish

or even reverse for higher offset levels.
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7 CONCLUSION

Gas turbines are demanded to operate with more efficient sealing. Cloth seals
provide a good alternative to metal shim seals to reduce leakage rate and increase wear
life.

A test setup is used to calculate the leakage rate of cloth weave in warp, shute,
diagonal, and out-of-plane directions. Test results are matched with CFD analysis to
obtain flow resistance coefficients in warp, shute, diagonal, and out-of-plane directions.
Cloth seal CFD analyses are conducted with calibrated resistance coefficients. The
leakage rates in CFD analyses are matched with cloth seal tests by calibrating operating
clearances. The CFD models with calibrated resistance coefficients and operating
clearances are analyzed in turbine operating conditions. This methodology provides an
estimation of the leakage performance of cloth seals in turbine operating conditions.

The leakage performance of the cloth seal is correlated with operating conditions
and geometric parameters. In this thesis, geometric parameters and pressure load of the
cloth seal are investigated in terms of sealing performance. Another experimental test
setup is established to measure leakage rate through cloth seals with various geometric
dimensions under varying pressure load. A design of experiments (DoE) study is
performed to understand the influence of cloth seal parameters on leakage performance.
A closed-form equation is derived based on the leakage results of experimental designs.

Some outlines are explained in the following subsections.

7.1 Cloth Weave

Cloth weave leakage tests are carried out at four weave directions of warp, shute,
diagonal, and cross. Flow resistance coefficients for flow within the porous cloth weave
are calculated and calibrated by using the Sutherland-ideal gas approach. A CFD model
is built for four weave directions and analyses are run to determine the best set of flow
resistance coefficients. All these works are performed for Dutch twill type cloth weave
with 30x250 weave density per inch. The conclusions for the cloth weave study are

summarized below.
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Leakage tests:

Leakage tests show that cloth weave leakage is a linear function of pressure load
for all directions.

The best-worst order of leakage performance in terms of normalized equivalent gap

has occurred in the order of warp, diagonal, shute and cross directions.

Out-of-plane direction has the highest normalized equivalent gap, therefore, it is the
worst direction in terms of leakage performance. Normalized equivalent gap for cross

direction is 2-4 times higher than in-plane directions (warp, shute, diagonal).

As a result, leakage rate is minimum if the flow is in the warp direction. Leakage
test results point out that, for the best sealing practices, the cloth weave in cloth seal
geometry should be aligned in such a way that flow direction would be in the warp
direction. The weave alignment depends on the engine location and working conditions

that dictate the flow over the cloth seal.
Cloth weave flow resistance coefficients:

In order to determine the cloth weave flow resistance coefficients that match with
test leakage, cloth weave CFD models are built for each direction of warp, shute, diagonal,
and cross. For each direction, CFD analyses are performed with weave flow resistance

coefficients calculated by using Sutherland-ideal gas approach and test data.

Flow resistance coefficients depend on evaluation of pressure level that changes
over the weave flow thickness. This is represented with pressure constant (Cdown).
Therefore, CFD analyses are repeated for a range of pressure constant Cgown=0.5-1.0 for
in-plane directions and Cgown=0.0-1.0 for cross direction with 0.1 increments to determine
the best leakage match with test data.

For warp and shute directions, the best match between test and CFD leakages is
obtained for C4own=0.9 at which leakage difference between test and CFD is less than 10%
for all pressure loads of AP=137.9-689.5 kPad (20-100 psid).

For diagonal direction, C4own=0.7 gives the minimum leakage difference of 10%.
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For cross direction, Cqown=0.0 provides the best leakage agreement with tests

yielding 0.03% difference.

Thus, the best Cgown Values are listed below:
. warp:0.9

. shute: 0.9

. diagonal: 0.7

. cross:0.0

Flow behavior:

Flow formations within the weave are visualized by plotting pressure and velocity
fields. The pressure gradually drops over the weave thickness. The pressure variation with
the weave thickness is well represented with a polynomial function at least in the second
order. Most of the pressure drop occurs at the downstream side.

The flow property plots show that the flow was smoothly directed through the
region of metallic-cloth fibers from the upstream side for the in-plane directions. The flow

velocity reached its maximum value at the downstream side due to expansion.

7.2 Cloth Seal

In this study, CFD analyses of cloth seal design have been performed in both test
and turbine conditions for baseline and offset positions. The effect of geometric
parameters under varying pressure load on the cloth seal leakage performance has been
investigated. An experimental test setup has been established to measure leakage rate
through cloth seals with various geometric dimensions under varying pressure load. Some

outlines are presented below.
Cloth seal CFD analyses:

After calibrating flow resistance coefficients for different directions and pressure
load, cloth seal CFD analyses are conducted in test conditions. The operating clearance
is changed iteratively to match leakage rate of test and CFD analysis. CFD models are

analyzed in turbine operating conditions with calibrated resistance coefficients and
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operating clearances. Such a systematic approach provides a methodology to estimate

leakage performance of cloth seals in turbine operating conditions.
Screening experiments:

Eighteen parameters have been identified in terms of wear, compliancy, leakage,
and structural performance. Based on general industrial practice and typical operational
range, ten of these parameters have been set at the levels in order to reduce the problem
size. The remaining eight parameters have been selected for further study through
screening experiments. Sixteen combinations have been tested following two-level

Resolution 1V fractional factorial experiment design.

In the cloth seal design stages, it is important to determine the seal leakage
performance depending on design parameters. The results show that pressure drop, cloth
width, slot depth, and relative offset position of mating slot surfaces are determined as
strong parameters with the highest influence on cloth seal leakage rate. These parameters
need to be carefully determined in order to improve leakage performance. The results
show that increasing cloth width and reducing slot depth are the most effective way to
reduce leakage flow rate apart from reducing pressure drop. Shim thickness has the lowest
impact. On average, experiments with AP = 482.6 kPa (70 psi) have two-fold leakage
rates in comparison to experiments under AP =206.8 kPa (30 psi) pressure load. Leakage
increase is observed with a higher slot depth between lateral surfaces of the slot. When
all other parameters are the same, higher slot depth experiments have a higher distance
between lateral surface and shim tab as well. 36 mm slot depth experiments have higher
leakage rates compared to 32 mm slot depth experiments. Small cloth width and large
sealing gap between adjacent slots reduce seal seating surface area; therefore, flow is
exposed to less resistance. It has been observed that leakage performance improves with

a 0.2 mm offset in comparison to no offset condition.

Surface roughness, gap, mismatch position of mating surfaces, and shim thickness
have been identified to have relatively less impact on leakage rate of cloth seals. Leakage
rate increases with mismatch condition. Higher shim thickness causing higher stiffness
raises leakage rate slightly. Rough surfaces are considered to promote better cloth

interlocking at the mating surface resulting in slightly better sealing efficiency.
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The observed equivalent gap performance rates provide a similar trend with
experimental data published in the literature [9], [10]. For baseline condition experiments,
the normalized equivalent gap remains almost constant with respect to different pressure
drop levels. For offset and mismatch condition experiments, a slight decrease in
normalized equivalent gap occurs with increasing pressure drop. This may be an
indication of slight shape change and slot conformance under more pressure due to the
flexible nature of the cloth seals. For screening experiments, the experiment with
minimum flow rate has 86% lower leakage rate than the experiment with maximum flow
rate. This result explains that geometric dimensions and pressure can significantly affect

leakage rate through the cloth seal.
Main and confirmation experiments:

Four strong parameters are selected for the detailed investigation and used in the
main experiments. Once the experiments have been conducted and a representative
equation has been fit based on the main experiment results, four experiments have been
identified as outliers. These four outlier combinations have been excluded during a final
closed-form equation fit. The resulting equation predicts leakage rates with maximum
20% error when compared to main experiment tests and sixteen different confirmation
experiments all of which have different parameter combinations than the main
experiments. The observed effect trends of the parameters in the main experiments are
compatible with the results of screening experiments. Through the use of multilevel main
experiment design, nonlinear trends between parameters and leakage rates are also
detected. As a result of this, although leakage performance becomes better with an
increase in offset level, this benefit may diminish and even disappear with an extreme
offset level.

7.3 Contributions

The contributions of this thesis are important in estimating cloth seal leakage
performance and designing cloth seals. The contributions and conclusions are

summarized in the following items.
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e Analytical Studies

» Cloth seal flow resistance coefficients have been expressed in non-Darcian
porous model.

» Sutherland-ideal gas approach has been developed for calibrating flow
resistance coefficients. With this approach, the leakage difference between the
testand CFD is less than 10% for all pressure loads of Dutch twill cloth weave.

» A porosity calculation method has been developed for plain and twill woven
fibers.

= Cloth Seal Manufacturing and Test Rig Designs

» Cloth weave has been selected as Dutch Twill (30x250 mesh density) and
ordered.

> Several cloth seal designs have been manufactured after cutting, bending,
welding and final cutting processes.

» Two different test systems have been designed and established for cloth weave
tests. In-plane cloth weave test system has been established for leakage tests
of warp, shute and diagonal directions. Out-of-plane test setup has been
designed for leakage tests of out-of-plane direction.

» Cloth seal leakage test rig has been designed and set up to measure leakage
rate through cloth seal at various geometric dimensions and pressure load.

= CFD Analyses and Correlation with Tests

» Several analytical approaches have been developed to determine a relation
between pressure drop and leakage as a function of effective parameters,
especially pressure and temperature level, fluid properties, and porous
medium geometry. Sutherland-ideal gas approach provides the best
correlation with test results.

> Depending on the value of Cgown, the inertial/viscous flow resistance
coefficients are calculated by using Sutherland-ideal gas approach and test
data for each direction of warp, shute, diagonal, and cross.

» For warp and shute directions, the best match between test and CFD leakages
is obtained for Cqown=0.9 at which leakage difference between test and CFD
is less than 10% for all pressure loads of AP=137.9-689.5 kPad (20-100 psid).

» For diagonal direction, Cgown=0.7 gives the minimum leakage difference of
10%.
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For cross direction, Cqown=0.0 provides the best leakage agreement with tests
yielding 0.03% difference

Reynolds Averaged Navier-Stokes equations for k-e turbulence model are
conducted with CFD analysis. Porous medium approach with derived porosity
equation is added to RANS k- € equations in order to solve cloth weave region.
CFD analyses and test results of cloth weave have been successfully
conducted with close leakage rate values.

Porous medium approach has been successfully applied in CFD models.
Pressure contours, velocity magnitude, streamlines, and vectors have been
illustrated for warp, shute, diagonal, and out-of-plane directions.

Cloth seal CFD analyses are conducted with leakage test results to calculate
operating clearance. Then, the performance of the cloth seal is illustrated in

turbine operating conditions.

= Design Optimization Based on Experiments

>

Eighteen candidate parameters that may affect the leakage performance have
been detected. In order to reduce the problem to a manageable size, some of
the candidate parameters have been fixed based on literature data and
industrial experience.

Screening experiment designs have been performed to investigates the effect
of adjacent cavity distance, cloth seal length, gap, shim thickness, surface
roughness, pressure. The screening experiment study has been conducted with
Fractional Factorial designs.

As a new knowledge, the trend of leakage performance with respect to eight
parameters has been illustrated with Pareto chart and Main effect plot.
Screening experiment results show that slot distance, cloth width, pressure
drop, and offset have a strong impact on leakage performance of cloth seal at
specified operating conditions. Therefore, these parameters have been selected
for the main experiment design study.

The main experiment study has been conducted with Box-Behnken designs.
Twenty-seven experiments have been completed to obtain a closed-form
equation. Sixteen confirmation experiments have been performed to compare
the leakage rate obtained from experiments and calculated by closed-form

equation. The differences have been shown as leakage rate error.
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A systematic approach has been adapted by excluding each run combination
one by one and repeating the curve fit to identify the best fit providing the
minimum error for all the experiments. After identifying the outlier
experiments that provide the most fit improvement, the combinations of these
experiments have been excluded to achieve a better fit. The leakage rate error
has been obtained less than %20 for all cases.

For main experiments, pareto chart plot has been illustrated to show nonlinear
trends between parameters and leakage rate.

All trends obtained from main experiments are compatible with the results of
screening experiments.

Leakage rate is decreasing with a higher offset level. This result conflicts with
previous knowledge. In main experiments, the trend function of offset
parameter is convex, In order to understand the trend of leakage rate with
respect to higher offset levels, a set of experiments are conducted. The
experimental result shows that this trend is diminish or even reverse for
extreme offset levels. To obtain minimum leakage rate, an equation is derived
to determine optimum offset level with respect to strong parameters.
Screening Exp. #1 which provides the best leakage result in baseline
condition, has a leakage rate approximately 62% less than the baseline rigid
seal. The experiment with 0.3 mm offset level gives best leakage results in all
tested cloth seal designs. It provides approximately %81 better than rigid seal

leakage performance.

7.4 Future Work

In this study, the flow behaviors of cloth weave and cloth seal are investigated with

theoretical models, experiments and CFD analyses. Further studies need to be conducted

to answer the questions.

The porous medium approach for metallic-cloth fibers represents a good

correlation when the flow resistance coefficients are calibrated. Further improvements are

needed to investigate and correlate the flow resistance coefficients as a function of weave

geometry (warp diameter, shute diameter, and weave density) by performing additional

tests and analyses. One limitation of this study is that the test rig was not designed to
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change the operating temperature. In addition, the flow resistance coefficients of the cloth
weave can be calibrated with respect to the porosity and length of the weave by using

Ergun’s equation [55] if the equivalent spherical diameter is determined.

A fully coupled solution of flow and structural equations are a challenge for cloth

seal due to the complex structure and slot positions.

Cloth seal CFD analyses provide the leakage rate in turbine operating conditions
with calibrated flow resistance coefficients and operating clearance. In order to obtain the
increase of overall power output with cloth seal application, a system-level analysis of
the gas turbine needs to be performed. Several pressure and temperature measurements

and geometric dimensions are required from a gas turbine for a system-level analysis.
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APPENDIX A: CLOTH SEAL GEOMETRIC GAP VS PRESSURE RATIO
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Figure A.1: Change of cloth seal operating clearance versus pressure ratio [1]

APPENDIX B: PRELOAD FORCE AND TIGHTENING TORQUE

Di 1s | Preload force Tightening torque

Fy Ma

N Nm

8.8 [10.9 [12.9 8.8 [10.9 [12.9
Coarse pitch thread
M4 3750 5500 6450 3.2 4.7 5.5
M5 6 100 9000 10 500 6.4 9.3 11
M6 8 650 12700 14 800 11 16 19
M3 15900 23 300 27 300 27 39 46
M10 25 300 37 100 43 400 53 78 91
M22 36 800 54 000 63 500 92 135 155
Mi4 55 500 74 500 87 000 145 215 250
M16 69 500 102 000 120 000 230 335 390
M18 87 5000 124 000 145 000 325 465 540
M20 112 000 160 000 187 000 460 660 770
M22 140 000 200 000 234 000 620 890 1050
M24 162 000 230 000 269 000 790 1150 1300
M27 213 000 303 000 355000 1150 1650 1950
M30 259 000 369 000 431 000 1600 2250 2650
Fine pitch thread
M8*1 17 400 25600 29 900 29 43 50
M10%*1.25 27 200 40000 46 800 56 83 97
M12%1.25 41 600 61 000 71 500 100 150 175
M12*%1.5 39 200 57 500 67 500 96 140 165
M16*1.5 56 000 82 500 96 500 160 235 275

76 000 112 000 131 000 245 360 425
M18*1.5 102 000 163 000 171 000 370 530 620
M20*1.5 129 000 206 000 216 000 520 740 860
M22*1.5 159 000 253 000 266 000 690 930 1150

Figure B.1: Preload force and tightening torque for hexagon head screws [66]
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APPENDIX C: COMPRESSIBILITY FACTORS FOR AIR

Pressure, bar {(absolute)

Temp,
1 5 10 20 40 60 80

75 0.0052 @ 0.0260 @ 0.0519 & 0.1036 @ 0.2063 03082  0.4094
80 0.0250 | 0.0499  0.0995 @ 0.1987 0.2958 @ 0.3927
90 09764 | 0.0236 = 0.0453 & 0.0940 0.1866 @ 0.2781 0.3686
100 09797  0.8872 0.0453 @ 0.0900 0.1782 @ 0.2635 0.3498
120 09880 @ 09373 08860 @ 06730 0.1/778 | 02557  0.3371
140 0.8927 @ 09614 09205 @ 0.8297 0585 @ 03313 03737
160 0.9951 09748  0.9489 @ 0.8954 07803 @ 0.6603  0.5696
180 09967 | 0.9832 09660 @ 09314 08625 07977 0.7432
200 09978 @ 09886 @ 0.97/67 @ 09539 09100 0.8701 0.8374
250 09992 | 09957  0.9911 0.9822 | 0.9671 0.9549  0.9463
300 08999 09987 @ 0.9974 09950 09917  0.9901 0.9303
350 1.0000 1.0002 1.0004 1.0014 1.0038 1.0075 1.0127
400 1.0002 1.0012 1.0025 1.0046 1.0100 1.0159 1.0229
450 1.0003 1.0016 1.0034 1.0063 1.0133 1.0210 1.0287
500 1.0003 1.0020 1.0034 1.0074 1.0157 1.0234 1.0323
600 1.0004 1.0022 1.0039 1.0081 1.0164 1.0253 1.0340

800 1.0004 1.0020 1.0038 1.0077 1.0157 1.0240 1.0321

Figure C.1: Compressibility factors for air at different temperature and pressure
conditions [67]
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APPENDIX D: GAS TURBINE SYSTEM LEVEL SECONDARY
FLOW/PERFORMANCE ANALYSIS
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Figure D.1: Gas-turbine system-level assessment of design mods. [68]
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