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Abstract: The flow through porous metallic-cloth fibers influences the cloth seal leakage performance.
Measuring the actual seal leakage proves difficult with challenging turbine operating conditions.
A non-Darcian porous medium Computational Fluid Dynamics (CFD) model was employed for the
flow within porous metallic-cloth fibers. CFD analyses need leakage data depending on the pressure
load to calibrate flow resistance coefficients. A test rig was built to measure leakage with respect
to the pressure load and weave orientation in four directions. The Sutherland-ideal gas approach
was utilized to determine the flow resistance coefficients for Dutch twill metallic-cloth fibers as a
function of pressure load. The results show that metallic-cloth fiber leakage is a linear function of
pressure load. The best–worst order for leakage performance was the warp, diagonal, shute, and cross
directions. For the best sealing performance, the flow direction in metallic-cloth fibers would be
the warp direction. The flow resistance coefficients depend on the evaluation of the pressure level,
which changes over the weave flow thickness. This is represented with the pressure constant (Cdown).
The best match between the test and CFD leakages was obtained for the weave directions of warp
(0.9), shute (0.9), diagonal (0.7), and cross (0.0). Calibrating the resistance coefficients with respect to
the pressure and temperature enables performing CFD analyses in turbine conditions.

Keywords: metallic-cloth fibers; cloth weave; woven metal fibers; porous resistance coefficients;
porous medium CFD analysis; Dutch twill

1. Introduction

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 and fuel consumption. The demands for gas turbine technology require detailed research on
understanding and development for any piece of the turbine. 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 stationary seal locations are shown in Figure 1. Seals applied
between stationary components are a metal shim seal (E-type seal, C-type seal, O-type seal, or U-plex
seal), rigid strip seal (spline seal, leaf seal, or dogbone seal), cloth seal, rope seal, and foil seal.
For sealing between stationary components, the traditional metal shim seals are inadequate to meet
the requirements in terms of wear, compliancy, and leakage when adjacent components significantly
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move in axial and radial directions. Cloth seals, as a new type of stationary seal, have been used as an
alternative to metal shim seals to reduce the leakage rate and increase the wear life [1–4].

Figure 1. Stationary seal locations in a gas turbine stator.

In this study, for the first time, a bulk porous medium flow model is presented for cloth seal weave
fibers, instead of flow modelling in complex weave voids among fibers. This bulk flow model approach
was also utilized by Dogu [5] for flow among brush seal bristles. For flow in a porous medium, there are
some suggested relations between pressure drop and leakage as a function of the porous medium
characteristics. All the relations are in need of test calibration and governed by utilizing test data of the
leakage and pressure load. When the weave type porous medium is concerned, several non-Darcian
equations have been developed for the flow resistances of woven cloth [6–8], in addition to the basic
Darcy porous medium law.

In this study, metallic-cloth fibers were modelled as a porous medium with inertial and viscous
resistance coefficients [5]. The flow among weave voids is well represented when both inertial
and viscous resistances are considered. The flow resistance coefficients for porous metallic-cloth
fibers are mainly affected by the weave geometry, flow direction, working conditions (pressure
and temperature), and fluid properties. In order to determine the inertial and viscous resistance
coefficients for metallic-cloth fibers as a function of pressure load, the porous medium methodology
of the Sutherland-ideal gas approach was employed for Dutch twill metallic-cloth fibers at different
pressure loads.

The leakages for metallic-cloth fibers in the following four directions were measured as a function
of the pressure load on a test setup:

• Warp (in-plane direction);
• Shute (in-plane direction);
• Diagonal (in-plane direction);
• Cross (out-of-plane direction).

A diagonal direction for the metallic-cloth fibers, which is oriented 45◦ to the dominant relative
motion, increases the wear resistance and helps to maintain the mesh integrity [9]. Therefore,
metallic-cloth fiber samples were also cut in the diagonal direction. In addition, Computational Fluid
Dynamics (CFD) analyses were employed to calculate the leakages as a function of the pressure load,
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and the flow resistance coefficients for porous metallic-cloth fibers were determined. The details of the
work and findings are explained in the Sections 2 and 3.

Measuring the actual seal leakage in turbine operating conditions is difficult. This study performed
a calibration of the resistance coefficients with respect to the pressure and temperature; therefore,
CFD analyses of the cloth seal could be performed with the calibrated resistance coefficients in turbine
operating conditions. The leakage rate of the cloth seal could be obtained without leakage tests in
turbine operating conditions.

2. Materials and Methods

2.1. Materials

Haynes 25 was selected for the metallic-cloth fiber material. It is a cobalt–nickel alloy that
provides good strength and oxidation resistance at high temperature. The specifications of the Haynes
25 material are tabulated in Table 1. The Dutch twill weave type with a 30 × 250 weave density (30 warp
fibers per inch of length × 250 shute fibers per inch of length) is reported to be the best metallic-cloth
fiber option for sealing purposes [3]. Therefore, a set of static leakage performance tests were performed
for the Dutch twill (30 × 250) metallic-cloth fiber samples.

Table 1. Specifications of Haynes 25 material at room temperature.

Material Property Value

Nominal composition (weight percentage)

Cobalt (51%), nickel (10%), iron (3% max.),
chromium (20%), molybdenum (1% max.),

tungsten (15%), manganese (1.5%),
silicon (0.4% max), carbon (0.1%)

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

2.2. Methods

2.2.1. Cloth Weave Geometry and Issues

A schematic of a typical cloth seal application and leakage flow paths are plotted in Figure 2.
The cloth-wrapped metal shim seal was placed in a slot machined between stationary components.
The cloth seal included one or more woven cloth layers and a thin metal shim. Several designs are
proposed in the literature, and many patents have been filed [10–15]. Cloth seals are shaped by
combining thin sheet metals (named shims) and woven cloth metal layers. A single or pack of cloth
layers may be placed on the upper side or lower side of the metal shim. The shim and cloth layers are
held by spot welds. Metal shims are usually bent to create right and left tabs; therefore, choking flow
interfaces occur between the tabs and turbine slots. The shim eliminates direct leakage and provides
structural strength, while metallic-cloth fibers (cloth weave) enable additional wear volume without
significant stiffness contribution [16]. Due to its softness, the cloth seal can handle more mismatch of
the stationary components without sacrificing the leakage performance. The metal cloth protects the
soft metal shim against wear while producing a wear resistance layer over the metal shim.
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Figure 2. Schematic of a typical cloth seal application in a gas turbine.

The main design issues in cloth seal applications are the leakage performance, seal temperature,
structural strength, wear, and mismatch tolerance. Testing is necessary to determine these issues,
and to develop theoretical models and analytical design tools.

A cloth seal delivers 70% leakage reductions in nozzle segments and up to 30% in combustor
segments [16]. Nozzle-shroud cloth seals enhance the output performance by 0.5% and decrease the
heat rate by 0.25% for an industrial gas turbine [16]. The service life is also extended with flexible
cloth seals by at least 50% [17]. Aksit et al. [2] studied cloth seals for raising the leakage performance
of both E- and F-type gas turbines. They reported that leakage decreased by 65% in comparison
to with a comparable rigid strip seal, and savings increased by up to 77% in offset and mismatch
conditions. Gorgun et al. [18] investigated cloth seal leakage performance under varying pressure
loads. Their experimental results show that geometric dimensions and pressure significantly influence
the leakage rate through the cloth seal. Ongun et al. [4] developed an analytical model characterizing
wear behavior of woven structures to estimate the wear life of metal cloth seals. They provided an
equation for the total volume lost, which provides the wear rate of metal cloth based on the Archard
equation [19,20].

In the literature, experimental studies have been conducted to investigate the permeability
of textile fabrics [21,22]. The filtration characteristics of metal fiber felt were investigated with
the Computational Fluid Dynamics (CFD)—Discrete Element Method (DEM) coupling simulation
method [23]. The researchers obtained a three-dimensional model based on microscopic images of
metal fiber felt by using a scanning electron microscope. Yeo et al. [24] reported that the “hydrodynamic
resistance” through a bundle consists of two components: one is the “bundle resistance” resulting from
lateral flow through the bundle; the other component is “permeate competition” from surrounding
fibers. A CFD porous media model was employed to simulate the impact of fiber distance and position
on fiber–fiber interaction [25]. The authors imply that if the fiber distance is less than the fiber diameter,
the interaction becomes significant due to permeate competition. They emphasize that permeate
competition could be neglected, and the bundle resistance becomes important when the fiber distance
is equal to the fiber diameter.

There have been several numerical or experimental studies on the flow performance of different
seal types [26–30]. Dogu et al. [31] introduced a thermal-flow analysis for a cloth seal placed in a
slot for gas turbine shroud applications. They utilized experimental leakage data to determine the
clearance between the cloth seal and slot surface. They modeled metallic-cloth fibers as a solid domain
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with a half reduction in its thermal properties. They determined the flow and temperature fields over
the cloth seal. The interesting result is that the metallic-cloth fiber layer acted as a thermal shield
protecting the shim from overheating in addition to the known wear shield effect.

As shown in Figure 2, the leakage flow occurs through the throat clearance at the shim tabs, while it
passes in complex voids among woven fibers on the upstream and downstream sides of the shim tabs.
The throat clearance at the shim tabs is mainly the same as the clearance between the weave fibers
and slot downstream surface. The shim tabs and/or woven fibers may touch the slot surface during
operation. At the downstream side of the shim tabs, the flow is still subject to throttling through the
clearance between the woven fibers and slot surface and through complex voids among the woven
fibers. Consequently, the flow inside the metallic-cloth fibers is effective for the leakage in addition to
the flow at the tab clearance.

Commonly used weave types are:

• Plain weave;
• Twill weave;
• Dutch weave;
• Plain Dutch weave;
• Reverse Dutch weave;
• Dutch twill weave;
• Dutch twill double weave;
• Stranded weave.

Several high-density weave types are available as shown in Figure 3. 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 3. Woven fiber options: (a) Plain weave; (b) Plain Dutch weave; (c) Dutch Twill weave;
(d) Stranded weave.

Chupp et al. [9] emphasizes that the Dutch twill weave type with a 30 × 250 (30 warp fibers per
inch of length × 250 shute fibers per inch of length) weave density is the best metallic-cloth fiber option
for sealing purposes. Therefore, in this study, a Dutch twill (30 × 250) metallic-cloth fiber sample was
selected for investigation, and a set of static leakage performance tests were performed.
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A schematic of a typical Dutch twill type metallic-cloth fiber, which is commonly used in cloth seal
applications and was used in this study, is plotted in Figure 4. The metallic-cloth fibers involve warp
and shute fibers. In Dutch twill weave, warp fibers are placed straight, and shute fibers cross over two
and under two warp fibers. Since the leakage through the metallic-cloth fibers affects the overall cloth
seal performance, the three-dimensional flow in the metallic-cloth fibers 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 was applied to the model
cloth seal weave fibers. The details of this study are explained in the Sections 2.2.2–2.2.4.

Figure 4. Metallic-cloth fibers and flow directions.

2.2.2. Experimental Setup

In order to obtain the cloth seal leakage performance, the mass flow rate needs to be determined
in gas turbine operating conditions. However, it is challenging to set up a test system that works under
extreme pressure and temperature levels.

A test rig as shown in Figure 5 was set up to measure the metallic-cloth fiber leakage in the four
directions of warp, shute, diagonal, and cross. Metallic-cloth fiber holders were designed to obtain the
leakage flow in the determined directions. For this purpose, two different metallic-cloth fiber holders
were used. In Figure 5, a cylindrical metallic-cloth fiber holder is shown for an out-of-plane test system.
This holder was disassembled, and two side holders were assembled for the in-plane tests. Four cloth
samples were prepared for the warp, shute, diagonal, and cross leakage tests. An in-plane metallic-cloth
fiber test system was 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 were also
used in previous works [1,3].

Compressed air was fed into the pipeline through the test chamber. The downstream side of
the test rig was open to ambient conditions. The test rig contained the necessary equipment such as
upstream pressure adjustment valves, a flowmeter, and pressure sensors.

The test rig operated at a pressure drop between 68.9 and 758.4 kPad (10–110 psid). The air
temperature was at room temperature. During the metallic-cloth fiber leakage tests, the pressure
difference was increased up to 758.4 kPad (110 psid) and then decreased down to 68.9 kPad (10 psid)
incrementally. The leakage flow rate was recorded at any 68.9 kPad (10 psid) increment. The tests
were repeated for three cycle times for each direction. Each cycle included increasing and decreasing
the pressure and upward and downward leakage measurements. In the ‘Appendix A’ section,
an uncertainty analysis is conducted by using leakage measurements and accuracy of the sensor.
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Figure 5. Schematic of test setup.

2.2.3. The Sutherland-Ideal Gas Approach for Porous Metallic-Cloth Fibers

The main purpose of developing an analytical model for flow in a porous medium is to determine
a relation between pressure drop and leakage as a function of effective parameters, especially the
pressure and temperature level, fluid properties, and porous medium geometry. The flow in porous
medium is subject to additional flow resistances compared to that in the absence of a porous medium.

Many relations have been developed for various types of porous medium. When the weave
type porous medium is concerned, several equations have been developed for the flow resistances of
metallic-cloth fibers [6–8] in addition to the basic Darcy porous medium law.

In this study, a porous medium with inertial and viscous resistance coefficients was applied to
model metallic-cloth fibers. The flow among weave voids is well represented when both inertial
and viscous resistances are considered. The weave geometry, direction, pressure level and difference,
and temperature have an impact on porous medium flow resistance coefficients. In order to determine
the inertial and viscous resistance coefficients for metallic-cloth fibers as a function of pressure load,
the Sutherland-ideal gas approach was utilized in this study. By using test data of the pressure drop and
leakage, this approach was employed to calibrate the inertial and viscous flow resistance coefficients of
Dutch twill metallic-cloth fibers at different pressure loads. Since the inertial term is also considered,
this approach’s relations are valid for both laminar and turbulent flows. Then, the coefficients were
used in the CFD model. In CFD analysis, the leakage is calculated with respect to the pressure drop
and compared with the test leakage. The approach was evaluated to accurately represent the weave
porous medium model and the test data.

The Sutherland-ideal gas approach includes inertial effects for high Reynolds numbers. An extended
version of the linear Darcian model is given in Equation (1), which is called the non-Darcian porosity
model, as follows:

SM,i =
dP
dxi

= −
µ

Kperm,i
ui −Kloss,i

ρ

2
|ui|ui (1)

where xi refers to orthotropic flow directions, Kperm,i means the permeability of the porous media,
Kloss,i is the quadratic loss coefficient, and ui is the superficial velocity in the orthotropic flow direction.
The Darcy model involves only the viscous resistance term.

The superficial velocity is a hypothetical fluid velocity that is obtained as the volume flow rate
divided by a cross-section of the porous area. ui is expressed in terms of the average velocity (u) and
porosity (ε) as (ui = u/ε).

This equation (Equation (1)) can be rearranged in terms of the flow resistance coefficients as follows:

− SM,i = −
dP
dxi

= (αi|ui|+ βi)ui (2)
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Inertial resistance (quadratic) term : αi = Kloss,i
ρ

2
(3)

Viscous resistance (linear) term :βi =
µ

Kperm,i
(4)

where α/β refers to the inertial/viscous flow resistance coefficient, which is a quadratic/linear function of
the velocity in porous metallic-cloth fibers. Equation (2) provides the correlation between the pressure
gradient, velocity, and flow resistance coefficients.

For the flow within the porous metallic-cloth fibers, the pressure and temperature vary. 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 α and β.

The inertial flow resistance coefficient (α) 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 was correlated with respect to pressure and temperature by using the Ideal
Gas equation.

Meanwhile, the viscous flow resistance coefficient (β) is a function of viscosity that varies with
temperature. Therefore, the viscous resistance (linear) coefficient was correlated with respect to
temperature by applying Sutherland’s Law [32].

Thus, Sutherland’s Law and the Ideal Gas equation were 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:

α1

α2
=

ρ1

ρ2
=

P1T2

P2T1
(5)

β1

β2
=

µ1

µ2
=

T3/2
1

T3/2
2

T2 + S
T1 + S

(6)

S refers to the Sutherland temperature. These equations provide a correlation for the resistance
coefficients for different pressures and temperatures.

At the end of the calibration procedure, a single number was defined for α and β, while the
pressure/temperature dropped from P1/T1 to P2/T2 over the metallic-cloth fibers. P1 and P2 were
conducted for various pressure levels as:

P1 = Pu1(1−Cdown) + Pd1Cdown (7)

P2 = Pu2(1−Cdown) + Pd2Cdown (8)

Cdown is a pressure constant that enables correlating the resistance coefficients at different pressure
levels. Cdown = 1 indicates that the downstream pressure levels are considered in the correlation,
whereas the α and β resistance coefficients are correlated with the average pressure levels if Cdown = 0.5.

A flowchart that describes the steps of the flow resistance calibration and CFD modelling study is
illustrated in Figure 6. Firstly, to reach a base point for each direction, the inertial and viscous resistance
coefficients for ∆P = 689.5 kPad (100 psid) were calibrated by matching the test and CFD leakages
(Figure 6a). Depending on the value of Cdown, the inertial/viscous flow resistance coefficients were
calculated by using the Sutherland-ideal gas approach and test data for each direction of warp, shute,
diagonal, and cross. Then, CFD analyses were performed by using these coefficients to determine the
best fit with test leakages depending on the Cdown value (Figure 6b).
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Figure 6. Flowchart describes the steps for (a) base point and (b) Computational Fluid Dynamics (CFD)
cases for different pressure loads.

2.2.4. CFD Model

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

The CFD model domain and boundary conditions for the in-plane directions of warp, shute,
and diagonal are illustrated in Figure 7. The out-of-plane CFD model domain and boundary conditions
for the cross flow direction are shown in Figure 8.

CFD analyses were performed using the ANSYS-CFX commercial tool. Upstream and downstream
regions were occupied with air flow. The metallic-cloth fiber domain was modelled as the porous
medium. The thickness of the metallic-cloth fibers was taken from the tested metallic-cloth fiber sample
(0.7 mm).

Figure 7. CFD model domain and boundary conditions for in-plane directions of warp, shute,
and diagonal.
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Figure 8. CFD model domain and boundary conditions for cross direction.

The CFD modelling details are listed below:

1. For in-plane CFD analysis (warp, shute, and diagonal), the CFD model was built in a 3-D cartesian
coordinate system (Figure 7). Three cell thicknesses were considered in the third direction.
The symmetry boundary conditions were applied on two surfaces to reduce the computational
domain and time.

2. For the out-of-plane direction of cross flow, a section model with 1◦ in the 3-D cylindrical
coordinate system was used since a circular piece of metallic-cloth fiber was tested in the sample
holders (Figure 8).

3. The working fluid was air.
4. The metallic-cloth fibers were modeled as a porous medium, for which the flow resistance

coefficients were prescribed by using the Sutherland-ideal gas approach. The weight and volume
of the experimental sample were measured. Then, the porosity was calculated as 0.364 by using
the weight, density, and volume of the experimental sample. It was defined to the metallic-cloth
fiber domain in CFD analyses.

5. Steady-state CFD analyses were performed.
6. The flow was compressible and turbulent.
7. The k-ε model was used and validated the turbulence model in similar CFD analyses [5,26].

The turbulence flow model was set to the standard k-ε turbulence model with a 5% turbulence
intensity at the inlet and outlet faces of the model domain.

8. Static pressure and static temperature values were defined on the inlet boundary. The opening
pressure and temperature boundary conditions were utilized for the outlet boundary.

9. The smooth wall roughness was defined for static walls. For the smooth wall roughness,
the dimensionless sand-grain roughness was between 0 and 5. Adiabatic and no-slip wall
conditions were used for the walls. The maximum y+ value reached 5.

10. In the porous weave domain, the pressure variation in transverse directions was zero. Therefore,
the resistance coefficients were assumed to be isotropic in a CFD analysis for each direction of
warp, shute, and diagonal.

11. The momentum, mass, and turbulence kinetic energy residuals were 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 were between 10−5 and 10−6. For all the CFD cases,
several convergence criteria for the velocity, temperature, pressure, turbulence quantities,
and inlet and outlet mass flow rates were met.

Five different mesh refinement levels for the warp, shute, and diagonal directions were applied
as shown in Table 2. M1 represents the coarsest and M5 is the finest mesh. The number of elements
and number of nodes in the height and length directions were changed in order to refine the mesh.
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The recirculation zones were accurately observed in the M2–M5 meshes. The differences in terms of
the leakage rate were higher in M1–M2 and M2–M3. The change in the leakage rate was less than 1%
between the M3, M4, and M5 meshes. A similar study was also conducted for the cross direction.

Table 2. The details of the mesh dependence study for in-plane directions.

Mesh Details M1 M2 M3 M4 M5

Number of elements 40,000 50,000 60,000 80,000 100,000
Number of nodes in height direction (metallic-cloth fiber region) 15 17 20 24 30
Number of nodes in length direction (metallic-cloth fiber region) 120 140 160 180 200

The CFD model for the cross direction included 60,000 hexahedron meshes. The meshes were
refined around the metallic-cloth fiber region where the pressure gradients and velocities were high.
Since pressure dropped in the metallic-cloth fiber thickness, this thickness had at least 30 meshes in the
cross direction. A typical mesh view is shown in Figures 9 and 10 for the in-plane and cross directions,
respectively. A similar size of meshes (60,000) was used in all the CFD analyses.

Figure 9. Mesh views for in-plane directions of warp, shute, and diagonal.

Figure 10. Mesh views for cross direction.
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The air flow was 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 [33]:

∂ρ

∂t
+∇.(ρu) = 0. (9)

∂(ρU)

∂t
+∇.(ρU ⊗U) = −∇ρ+∇τ+ SM (10)

τ = µ
(
∇U + (∇U)T

− δ
2
3
∇.U

)
(11)

∂(ρhtot)

∂t
−
∂ρ

∂t
+∇.(ρUhtot) = ∇.(λ∇T) +∇.(U.τ) + U.SM + SE (12)

htot = h +
1
2

U2 (13)

These equations, which express the continuity (Equation (9)), momentum (Equation (10)), and total
energy (Equation (12)) equations, respectively, describe the motion of air in both the experimental set
up and CFD analysis. In Equation (12), the term ∇.(U.τ) represents the work due to viscous stresses,
which was neglected. SM represents external momentum sources or sinks acting on the continuum
such as gravity, inertial accelerations, and resistive forces. For the porous metallic-cloth fiber domain,
the momentum loss through an isotropic porous region (SM in Equation (2)) is added to the right-hand
sides of Equations (10) and (12), as an external momentum and energy sink.

2.2.5. Equivalent Gap Calculations

The equivalent gap is a representative gap that decreases with better sealing performance.
The equivalent gap is calculated by using the following equations [2,18,34]:

Eq.Gap =

.
m
√

TU + 460
PU.L.FF

(14)

where
.

m represents the leakage flow rate, L is the metallic-cloth fiber length, and TU and PU are
the upstream temperature and pressure. FF refers to the Flow Function, which is calculated as
shown below:

For an unchoked flow:

FF =

√
gγ
R

√
2

γ− 1

[
PR−(γ+1)/γ

][
PR(γ−1)/γ − 1

]
(15)

For a choked flow:

FF =

√
gγ
R

√(
2

γ+ 1

)(γ+1)/(γ−1)

(16)

where g is the gravitational acceleration, γ is the specific heat ratio, R is the gas constant, and PR is the
pressure ratio.

3. Results and Discussion

The metallic-cloth fiber leakage in the four directions of warp, shute, diagonal, and cross were
measured in the test rig. The flow resistance coefficients for porous weave were calculated by using the
Sutherland-ideal gas approach. CFD models were run by utilizing these flow resistance coefficients.
The results were evaluated in terms of the leakages obtained from the tests and CFD analyses.
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3.1. Leakage Tests

Leakage–pressure drop graphs for the warp, shute, diagonal, and cross directions are shown in
Figure 11a–d, respectively.

Figure 11. Metallic-cloth fiber leakage test results: (a) warp direction, (b) shute direction, (c) diagonal
direction, and (d) cross direction.

For each direction, the tests were repeated for three upward and downward cycles while increasing
and decreasing the pressure difference. The pressure difference over the metallic-cloth fibers was
adjusted between 68.9 and 758.4 kPad (10–110 psid) with 68.9 kPad (10 psid) increments. Thus,
eleven leakage test points were obtained for each test.

The leakage values were normalized by dividing the leakage of the cross direction at the
maximum pressure load of 758.4 kPad (110 psid)’s pressure drop. Figure 11a–d indicate that the leakage
measurements were very close to each other for the three test cycles, while the warp direction showed
some deviation.

Leakage, first of all, had a linear increasing variation with pressure load for all the metallic-cloth
fiber directions. Metallic-cloth fiber leakage was dependent on the pressure load. The average leakage
values of three cycles were used in the Sutherland-ideal gas approach and calibration of the resistance
coefficients in the CFD analyses.

In order to compare the leakage performance in all the metallic-cloth fiber directions, the parameter
of the equivalent gap was employed. Since the areas exposed to leakage flow were different for each
metallic-cloth fiber direction, equivalent gap values were calculated and normalized with respect to
the weave thickness for the in-plane directions of warp, shute, and diagonal. The normalization was
performed by using the flow area for the cross direction.

The flow performance in the warp, shute, diagonal, and cross directions in terms of the normalized
equivalent gap are plotted and compared in Figure 12. The present test results are plotted with solid
lines, while Dinc et al.’s data [1], which include several weave densities, are plotted with dashed,
dotted, and dot-dashed lines. The boundary conditions of the present study and literature are tabulated
in Table 3. The present test also included the cross direction and extended the test data for higher
pressure ratios.
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Figure 12. Comparison of metallic-cloth fiber flow performance for all directions of warp, shute,
diagonal, and cross.

Table 3. Boundary conditions of leakage tests.

Property Present Study Dinc et al. Study [1]

Temperature Room temperature Room temperature
Pressure ratio 0.12–0.42 0.07–0.25

Fluid Air Air

The test results in Figure 12 indicate that the best leakage performance in terms of the normalized
equivalent gap was in the warp direction, followed by the diagonal, shute, and cross directions.
These directional best sealing results are compatible with Dinc et al.’s study [1]. Similar to the leakage
results for different metallic-cloth fiber densities [1], metallic-cloth fiber leakage is dependent on the
pressure load.

While comparing the present test data with Dinc et al.’s data [1], it should be noticed that the weave
densities were different for the warp and shute directions. The difference between the present test data
and Dinc et al.’s data [1] are minimal for the same weave density (30 × 250) in the diagonal direction,
while the present tests measured higher leakages for the warp and shute directions. This could be
attributed to the weave density, as the main parameter.

The cross direction had the highest normalized equivalent gap; therefore, it was the worst direction
in terms of leakage performance. The normalized equivalent gap for the cross direction was 2–4 times
higher than that for the in-plane directions (warp, shute, and diagonal).

As a result, the leakage rate was at a minimum if the flow was in the warp direction. The leakage
test results point out that, for the best sealing performance, the metallic-cloth fibers in the cloth seal
geometry should be aligned in such a way that the flow direction is in the warp direction. The weave
alignment depends on the engine location and working conditions that dictate the flow over the
cloth seal.

For all the weave directions, the leakage was also calculated by using porous weave CFD analyses,
which are presented below.
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3.2. CFD Analyses and Calibration of Metallic-Cloth Fiber Flow Resistance Coefficients

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

CFD analyses were 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 were excluded, to stay in the minimal test noise range. Thus, the CFD
analyses were performed at nine points between ∆P = Pu − Pd = 137.9 and 689.5 kPad (20–100 psid)
with 68.9 kPad (10 psid) increments. The ambient temperature was defined on the upstream side,
which was measured during the tests.

In comparing the test and CFD leakages, the leakages were 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 13 for all four directions of warp, shute,
diagonal, and cross.

Figure 13. 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.

At first, to obtain a base point in the calibration, the inertial and viscous resistance coefficients for
∆P = 689.5 kPad (100 psid) were calibrated by matching the test and CFD leakages.

In the calibration, the CFD analyses utilized the Sutherland-ideal gas approach as stated in
Equations (1)–(8). It should be kept in mind that the inertial resistance coefficient varies with pressure
and temperature (Equation (3)), whereas the viscous resistance coefficient is only a function of
temperature (Equation (4)). In the tests and CFD analyses, the temperature was observed to be nearly
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constant. That is, the resistance coefficients changed depending on the evaluation of the pressure level,
which varied over the weave flow thickness. This was represented with the pressure constant (Cdown)
as stated in Equations (7) and (8). Therefore, the CFD analyses were repeated for a range of pressure
constants Cdown = 0.5–1.0 for in-plane directions and Cdown = 0.0–1.0 for the cross direction, with 0.1
increments, to determine the best leakage match with the test data.

Figure 13 includes the whole range of pressure constant values for all weave directions.
For the warp and shute directions, the best match between the test and CFD leakages was obtained

for Cdown = 0.9, at which the leakage difference between the test and CFD was less than 10% for all
pressure loads of ∆P = 137.9–689.5 kPad (20–100 psid).

For the diagonal direction, Cdown = 0.7 gave the minimum leakage difference of 10%.
For the cross direction, Cdown = 0.0 provided the best leakage agreement with the tests, yielding a

0.03% difference.
Thus, the best Cdown values are listed below:

• Warp 0.9;
• Shute 0.9;
• Diagonal 0.7;
• Cross 0.0.

All these tests and this CFD work show that the use of a different set of porous resistance coefficients
for different pressure load cases provides better leakage agreement. The result is compatible with the
study of Chen et al. [35]. They emphasized that resistance coefficients are related to pressure load.

Flow formation within the weave was visualized by plotting pressure contours, velocity magnitudes,
streamlines, and vectors in Figures 14–17 for the warp, shute, diagonal, and cross directions, respectively.
The pressure was almost constant, except for metallic-cloth fibers, as shown in Figures 14a, 15a, 16a and 17a.
The change in color shows that a pressure drop occurred in the region of the metallic-cloth fibers.
The pressure gradually reduced through the metallic-cloth fibers from the upstream side to the
downstream side. In the metallic-cloth fiber region, the pressure was 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.

Figure 14. CFD results for warp direction (Cdown = 0.9, ∆P = 137.9 kPad): (a) pressure contours,
(b) velocity magnitude contours, (c) velocity streamlines, and (d) velocity vectors.
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Figure 15. CFD results for shute direction (Cdown = 0.9, ∆P = 137.9 kPad): (a) pressure contours,
(b) velocity magnitude contours, (c) velocity streamlines, and (d) velocity vectors.

Figure 16. CFD results for diagonal direction (Cdown = 0.7, ∆P = 137.9 kPad): (a) pressure contours,
(b) velocity magnitude contours, (c) velocity streamlines, and (d) velocity vectors.

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 14b–d, Figure 15b–d,
Figures 16b–d and 17b–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 was 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 were similar in the in-plane directions of
warp, shute, and diagonal.

In addition, Figure 18 illustrates the normalized pressure within the porous metallic-cloth fibers
in the flow direction. The pressure was normalized with respect to the up/downstream pressures as in
p* = (P–Pd)/(Pu–Pd), while the flow direction was 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 was t = 0.7 mm for the cross direction.
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Figure 17. CFD results of cross direction (Cdown = 0.0, ∆P = 137.9 kPad): (a) pressure contours,
(b) velocity magnitude contours, (c) velocity streamlines, and (d) velocity vectors.

Figure 18. Normalized pressure within the porous metallic-cloth fibers in the flow direction (normalized
weave thickness (z*) vs. normalized pressure (p*)).

Figure 18 shows that the pressure gradually dropped 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 occurred at the downstream side. Of the pressure load,
50% dropped in the first 70% of the weave thickness. Thus, the last 30% of the weave thickness was
subject to a 50% pressure drop.
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4. Conclusions

Metallic-cloth fiber leakage tests were carried out in the four weave directions of warp, shute,
diagonal, and cross. The flow resistance coefficients for flow within the porous metallic-cloth fibers
were calculated and calibrated by using the Sutherland-ideal gas approach. A CFD model was built for
four weave directions, and analyses were run to determine the best set of flow resistance coefficients.
All this work was performed for Dutch twill type metallic-cloth fibers with a 30 × 250 weave density
per inch. Some outlines are summarized below.

Leakage Tests

The leakage test results point out that, for the best sealing performance, the metallic-cloth fibers in
the cloth seal geometry should be aligned in such a way that the flow direction is in the warp direction.
The weave alignment depends on the engine location and working conditions that dictate the flow
over the cloth seal. The conclusions from the leakage tests are listed below:

• The leakage tests show that the metallic-cloth fiber leakage is a linear function of pressure load for
all the directions.

• The best–worst order for leakage performance in terms of the normalized equivalent gap was the
warp, diagonal, shute, and cross directions.

• The cross direction had the highest normalized equivalent gap; therefore, it was the worst direction
in terms of leakage performance. The normalized equivalent gap for the cross direction was
2–4 times higher than that for the in-plane directions (warp, shute, and diagonal).

• The leakage rate was at a minimum if the flow was in the warp direction.

Metallic-Cloth Fiber Flow Resistance Coefficients

In order to determine the metallic-cloth fiber flow resistance coefficients that matched with the
test leakage, metallic-cloth fiber CFD models were built for each direction of warp, shute, diagonal,
and cross. For each direction, CFD analyses were performed, with the weave flow resistance coefficients
calculated by using the Sutherland-ideal gas approach and test data. The flow resistance coefficients
depend on the evaluation of the pressure level, which changes over the weave flow thickness. This is
represented with the pressure constant (Cdown). Therefore, the CFD analyses were repeated for a
range of pressure constants Cdown = 0.5–1.0 for the in-plane directions and Cdown = 0.0–1.0 for the cross
direction, with 0.1 increments, to determine the best leakage match with the test data. The results of
this study provide an estimation of the flow resistance coefficients in turbine operating conditions.
Therefore, the efficiency of the cloth seal is predicted with the CFD analyses. The conclusions of the
metallic-cloth fiber flow resistance coefficient study are listed below:

• For the warp and shute directions, the best match between the test and CFD leakages was obtained
for Cdown = 0.9, at which the leakage difference between the test and CFD was less than 10% for all
pressure loads of ∆P = 137.9–689.5 kPad (20–100 psid).

• For the diagonal direction, Cdown = 0.7 provided the minimum leakage difference of 10%.
• For the cross direction, Cdown = 0.0 provided the best leakage agreement, with the tests yielding a

0.03% difference.

Flow Behavior

Flow formation within the weave was visualized by plotting the pressure and velocity fields.
The pressure gradually dropped over the weave thickness. The pressure variation with the weave
thickness is well represented with a polynomial function, at least in the second order. The conclusions
are listed below:

• Most of the pressure drop occurred at the downstream side.
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• 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.

Future Work

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 change operating temperature. This needs to be improved in the future
studies. The flow resistance coefficients of the metallic-cloth fibers can be calibrated with respect to the
porosity and length of the weave by using the Ergun equation [36] if the equivalent spherical diameter
is determined.
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Appendix A

Uncertainty Analysis

The Type A and Type B uncertainty levels for the metallic-cloth fiber leakage tests were studied.
The Type A levels were obtained from the repeated measurement results. In addition to the uncertainty
of the sensor measurements, Type A also depends on the transient effects coming from the compressor
and test conditions. Therefore, it varies with respect to the pressure drop level. A lower Type A
uncertainty means less impact due to oscillations.

x =

∑n
a = 1 xa

n
(A1)

s =

√∑n
a = 1(xa − x)2

n− 1
(A2)

The arithmetic mean of n results (x) is expressed in terms of the measurements (xa) and number of
measurements (n). The standard deviation (s) was calculated with respect to the variance and number
of measurements. The Type A uncertainty (uA) was obtained from the equation expressed below:

uA =
s
√

n
(A3)

Uncertainty calculations without the use of repeated measurements are named Type B uncertainty.
For a rectangular distribution, the Type B uncertainty (uB) was calculated from a semi-range between
the upper and lower limits (a) of the flowmeter.

uB =
a
√

3
(A4)
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The combined uncertainty (uC) was calculated by squaring the Type A and Type B uncertainties,
after that, adding them to each other, and then taking the square root of the overall result.

uC =
√

u2
A + u2

B (A5)

uE = k.uC (A6)

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 was multiplied by
a coverage factor (k), and this provided the expanded uncertainty. In this study, k = 3 for a confidence
level of 99.7%.

The uncertainty levels for the warp, shute, diagonal, and cross direction leakage tests are
illustrated in Figure A1 for 68.9–758.4 kPad (10–110 psid) pressure differences. The calculated
uncertainties were divided by the arithmetic mean of six corresponding pressure drop leakage
results. The Type B/average leakage was dependent on the accuracy of the flowmeter; therefore,
it was 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%)
was 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 pressure drop level was found.

Figure A1. Uncertainty analyses for metallic-cloth fiber leakage tests: (a) warp direction, (b) shute
direction, (c) diagonal direction, and (d) cross direction.
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