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Both steady and unsteady Reynolds Averaged Navier-Stokes (RANS) techniques coupled with the k� e
and k�x ðSSTÞ turbulence models are utilized to study the flow characteristics and hot gas ingestion
through rim seal in a subscale 1.5-stage axial gas turbine. A scalar transport equation is solved for a tracer
gas to represent the coolant flow interaction with the main stream flow. To validate the numerical
methodology, radial pressure and sealing effectiveness distributions are compared with the experimental
data. The k�x ðSSTÞ turbulence model has the capability to predict secondary flow characteristics, reat-
tachment and separation, thus leading to better agreement with the experimental data. Both radial and
circumferential pressure distributions are analyzed to get deeper insight into rotationally and externally
induced ingress mechanisms. The circumferential pressure peak-to-trough amplitude is significantly
attenuated in the cavity region compared to annulus region. Finally, different purge flow rates and
rotational speeds are examined. Results indicate that as purge flow rate increases, the static pressure
in the disk cavity region raises remarkably and consequently the sealing effectiveness improves.
Averaged sealing effectiveness in the rim cavity decreases linearly with the rotational speed. To visualize
different mechanisms of ingestion, streamline and flow field are shown.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, there has been a growing attention to improve
the gas turbine thermal efficiency. One way to improve the overall
efficiency is to increase the gas temperature at the turbine inlet.
Thus, the gas turbine inlet temperature (TIT) for most gas turbines
has risen to about 2000 K [1,2]. This hot gas passes through vanes
and blades in the turbine annulus section and may get ingested
into the disk cavity between the rotor and stator disks. As a result,
overheating of turbine internal parts may occur, consequently
reducing the turbine’s lifetime. Hot gas ingestion from the main
annulus into the wheel-space can be Externally Induced (EI) and
Rotationally Induced (RI) ingress [3]. The flow through the station-
ary vanes and rotating blades in the turbine annulus creates a
circumferential pressure asymmetry. This pressure variation
causes ingress in higher pressure regions and leads to egress in
lower pressure regions. This mechanism of ingestion is referred
to as Externally Induced (EI) ingress. The other mechanism for hot
gas ingestion is due to ‘‘disk pumping” effects. The rotating fluid
in the wheel-space creates a radial pressure gradient. Due to cen-
trifugal forces, fluid moves radially outward in the rotor boundary
layer. To conserve radial mass flow, ingress of external fluid
through the rim seal occurs in the stator boundary layer. This
mechanism of ingestion is referred to as Rotationally Induced (RI)
ingress.

Hot gas ingestion is typically mitigated or even eliminated by
employing a rim seal located between rotor-stator disk or by the
supply of purge flow being bled from the compressor. However,
excessive use of purge air leads to a reduction in gas turbine
efficiency. On the other hand, insufficient supply of purge air
results in higher ingestion, which overheats the rotor disk. There-
fore, it is necessary to optimize the purge flow amount assigned
to the disk cavities in order to decrease aerodynamic loss.

Many experimental and computational studies have been
devoted to understanding the mainstream hot gas ingestion mech-
anisms and the flow pattern in gas turbine rim seal region. Early
experiments on the rotationally induced ingestion without consid-
ering external flow were conducted by Bayley and Owen [4],
Phadke and Owen [5,6], Owen and Phadke [7] and Bhavnani
et al. [8]. They proposed correlations which relate the minimum
dimensionless purge flow rate necessary to prevent ingestion to
the clearance and rotational Reynolds number.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2018.10.136&domain=pdf
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Nomenclature

Du molecular diffusion coefficient ðm2=sÞ
Dt turbulent mass diffusivity ðm2=sÞ
k turbulence kinetic energy m2=s2

� �
_m purge flow rate kg=sð Þ
r radial coordinate mð Þ
Sct turbulent Schmidt number
t time ðsÞ
x coordinate component
yþ non-dimensional distance from the wall

Greek letters
a circumferential location at outer shroud
b circumferential location at vane platform
c circumferential location at disk cavity
e turbulent dissipation rate m2=s3

� �

g sealing effectiveness
l dynamic viscosity of air ðkg=m sÞ
q density of air kg=m3

� �
u tracer gas concentration
x specific turbulence dissipation rate ðs�1Þ
X rotational speed ðrpmÞ

Abbreviations
CFD Computational Fluid Dynamic
cfm cubic feet per minute
RANS Reynolds Averaged Navier-Stokes
rpm revolutions per minute
SST shear stress transport
URANS unsteady RANS
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Phadke and Owen [9] and Dadkhah et al. [10] investigated the
effect of asymmetric external flow on the sealing performance of
a shrouded rotor-stator system. The minimum sealing flow rate
necessary to prevent ingestion was correlated with the seal clear-
ance and the maximum circumferential pressure difference in the
annulus flow.

Balasubramanian et al. [11] measured time-averaged static
pressure distribution and ingestion of main gas into the disk cavity
of a subscale single-stage axial turbine equipped with an axially
overlapping radial-clearance seal at the disk cavity rim and a labyr-
inth seal radially inboard. Their objective was to estimate the
empirical discharge coefficients, based on an orifice model, over a
range of purge flow rates. Moreover, the minimum purge flow rate
required for the fully sealed condition was estimated. Cho et al.
[12] ran experimental measurements using infrared sensors to
quantify the effect of ingress on both the stator and rotor disks
in a wheel-space pressurized by sealing flow. Here, the sealing
effectiveness on the rotor was significantly higher than the one
on the stator. Their measurements identified a so-called thermal
buffering effect, where the sealing air attaches itself to the rotor
disk. Therefore, it reduces the entrainment of ingested fluid into
the disk rotor boundary layer. Palafox et al. [13] measured the seal-
ing effectiveness of a 1.5-stage turbine wheal-space hot gas inges-
tion rig (HGIR). Sangan et al. [14] measured the pressure, a tracer
gas concentration, and swirl for an axial turbine stage to assess
the performance of two seals: a datum double-rim seal and a
derivative with a series of radial fins. The finned seal provided an
overall improved performance in both the inner and outer
wheel-spaces over a wide range of purge flow rates. They con-
cluded that the fins helped to produce solid-body rotation which
reduces the circumferential pressure asymmetry and consequently
improves the sealing effectiveness. The mechanism of hot gas
ingestion through rim seal with rotor-mounted protrusion is inves-
tigated experimentally and theoretically by Liu et al. [15]. Cylinder
protrusions in the cavity led to higher sealing efficiency. However,
the experimental data indicated that the pressure difference
between annulus and cavity is enlarged when protrusion is utilized
in the rotor. The enhanced sealing effectiveness with increased
pressure difference is contrary to the orifice model which claims
that enlarged sealing effectiveness would come with pressure dif-
ference reduction. Therefore, the circumferential pressure varia-
tion due to the protrusion was introduced to the orifice model.
Afterward, the effect of the amplitude, initial phase angle differ-
ence, and frequency of the cavity pressure wave, on the ingestion
was theoretically analyzed. Savov et al. [16] compared single and
double lip rim seal effectiveness experimentally. Their results
showed that the double lip rim seal has higher sealing efficiency
compared to the single one. The double lip seal had a smaller dif-
ference in seal effectiveness across the lower lip. This smaller gra-
dient across the lower lip of the double lip seal suggested that it is
less sensitive to mainstream-cavity interactions. Recent studies by
Balasubramanian et al. [17], Patinios et al. [18], and Scobie et al.
[19] have been focused on 1.5-stage axial gas turbines. Balasubra-
manian et al. [17] performed several experiments to measure the
ingestion of mainstream air into the front and aft disk cavities in
a subscale 1.5-stage axial air turbine. Different experiment sets
with different main air flow rates, rotor speeds and purge air flow
rates were examined. Scobie et al. [19] measured re-ingestion of
upstream egress in a 1.5-stage gas turbine rig.

As turbine working conditions are still a bane for detailed flow
measurements, Computational Fluid Dynamic (CFD) simulation is a
powerful tool because it allows a better understanding of the flow
pattern and gives an entire view of the complex physics underlying
the ingestion phenomenon. Beretta and Malfa [20] and Poncet and
Schiestel [21] considered the numerical modeling of the turbulent
flow and heat transfer in different rotor-stator disk cavities. They
proposed empirical correlation laws to predict the averaged Nus-
selt number depending on the Reynolds and Prandtl numbers
and on the coolant flowrate. Poncet and Serre [22] used Large Eddy
Simulation to examine the turbulent heat transfer in a rotor-stator
cavity. The results showed that the turbulent Prandtl number is a
decreasing function of the distance to the wall. The local Nusselt
number was found to be proportional to the local Reynolds number
to the power 0.7. Early CFD studies [23,24] showed that consider-
ing a sector model of gas turbine led to a discrepancy in the gas
ingestion prediction which can be due to the circumferential peri-
odicity assumption. Teuber et al. [25] and Zhou et al. [26] investi-
gated the fluid mechanics of two different rim-seal geometries in a
3D model of a turbine stage. They calculated peak-to-trough pres-
sure difference in the annulus, which is the main driving mecha-
nism for ingestion. Wei and Huoxing [27] carried out a numerical
investigation of the interaction between upstream cavity purge
flow and main flow in low aspect ratio turbine cascade. The results
showed that the purge flow changes the vortex structure in the
passage and alters the cascade exit flow angle in the spanwise
direction. Moreover, the increment of purge flow improves the
sealing effectiveness but increases aerodynamic losses. Liao et al.
[28] investigated the flow and heat transfer characteristics in a
rotor-stator disk cavity using the Reynolds-averaged Navier-
Stokes (RANS) equations coupled with the standard k� e turbulent
model. Different secondary air flow rates and rotational Reynolds
numbers were examined to determine their effects on the flow



Fig. 1. Schematic diagram of the subscale 1.5-stage gas turbine (all dimensions are
in mm) [17]. (dotted regions indicate parts that are replaceable for different test
configuration.)

1018 M. Ghasemian et al. / International Journal of Heat and Mass Transfer 130 (2019) 1016–1031
and heat transfer. Their results showed that the heat transfer coef-
ficient increases with the rotational Reynolds number increment.
The local Nusselt number was correlated with the local rotational
Reynolds number by a power law. Song et al. [29] numerically
investigate the influence of purge flow on the endwall flow and
heat transfer characteristics of a gas turbine blade. Moon et al.
[30] investigated the effect of a rib installed in a rim seal on sealing
effectiveness using three-dimensional Reynolds-averaged Navier-
Stokes equations and the Spalart-Allmaras turbulence closure
model. A parametric study with different heights, widths, and loca-
tion of the ribs was performed. Wang et al. [31] numerically stud-
ied the flow characteristics of rim seal for the first stage in gas
turbine. The influences of rim seal structures and rotational speeds
on the sealing effectiveness were investigated. Their results indi-
cated that the radial seals perform better than the axial ones in
sealing effectiveness. The minimum non-dimensional sealing mass
flow increases with the increase of rotational speed. Wang et al.
[32] conducted a time-dependent 360 deg CFD simulation of a
complete turbine stage with a rim seal and cavity. The pressure
distributions, sealing effectiveness, and cavity velocity components
were compared with experimental data. Their results showed com-
plex pressure patterns that were not captured from sector model
simulations. Ding et al. [33] carried out CFD simulation of 1.5-
stage turbine wheel-space hot gas ingestion rig (HGIR) using the
k� e turbulence model with scalable wall function. Scobie et al.
[34] employed Unsteady Reynolds-averaged Navier-Stokes
(URANS) simulation to study the performance of a new rim-seal
concept. The new rim seal features a stator-side angel wing and
two buffer cavities between outer and inner seals. The angel-
wing promotes a counter-rotating vortex and the two buffer cavi-
ties attenuated the circumferential pressure asymmetries of the
fluid ingested from the mainstream annulus. Mohamed et al. [35]
performed an URANS simulation of a rotor-stator cavity with rotor
bolts. The rotating bolts generate unsteadiness due to wake shed-
ding. Zhang et al. [36] investigated the effects of the radial location
of sealing air inlet hole and the shape of sealing air supply geome-
try on the flow characteristics and sealing performance of the
stator-well cavity.

The objective of this study is to gain clear insight into ingestion
patterns and mechanisms. The Reynolds Averaged Navier-Stokes
simulations are performed to investigate the hot gas ingestion in
a 1.5-stage axial gas turbine. Previous studies simplified the disk
cavity geometry and neglected the tip clearance of cascade but in
the current simulation, all geometry complexities and tip clearance
are taken into account. Moreover, this study considers both front
and aft cavities to capture the effect of rotating blades on upstream
and downstream cavities. The correlation between purge flow rate
and the circumferential pressure differences between the cavity
and turbine annulus is investigated. CFD results are compared with
experimental data and solver parameters are calibrated. Extensive
simulations provide unique data for comparison between the
performance of different turbulent closures such as k� e and
k�x ðSSTÞ turbulence models. Both rotationally induced and
externally induced ingestion mechanisms are studied. Different
operating conditions such as purge flow rate and rotational speed
are examined.
Table 1
ASU gas turbine rig operational condition [17].

Rotor speed (RPM) Flow rate

Main air Front cavity pur

3250 1625 CFM [0.766915 m3/s] 6 CFM [0.00283
2. Problem description

The current Computational Fluid Dynamic simulations were
carried out based on the gas turbine rig at Arizona State University
[17]. Fig. 1 demonstrates a schematic diagram of the subscale 1.5-
stage axial gas turbine. The stage design and airfoil geometries are
based on an actual gas turbine of Solar Turbines Inc. The turbine
features a front stator (N2), a rotor (B2) and an aft stator (N3).
The front stator (N2) and aft stator (N3) are equipped with 40
and 48 partial-height, full-length vanes, respectively and the rotor
(B2) has 52 partial-height, full-length blades.

The two disk cavities – the ‘front cavity’ and the ‘aft cavity’ –
feature a radially inboard labyrinth seal which divides each disk
cavity into an ‘inner cavity’ and a ‘rim cavity’. The front rim cavity
has an axially-overlapping, radial-clearance, double rim seal with a
recessed buffer region. The aft rim cavity also has a recessed buffer
region but also features an axial-clearance double rim seal. The
Static gauge pressure (Pa)

ge flow Aft cavity purge flow Inlet Outlet

m3/s] 4 CFM [0.001888 m3/s] �418 �5650.6



Fig. 2. Computational grid (a): aft disk cavity (b): labyrinth seal region (c): rotor-stator region.
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stator-rotor-stator spacing and seal mimic the scaled-down
dimensions of the Solar gas turbine during hot running condition.

In order to reduce the computational cost, a quarter of the gas
turbine (10 N2 vanes, 13 B2 blades, and 12 N3 vanes) is numerically
simulated and periodic boundary conditions are applied to the lat-
eral sides. The aforementioned number of vanes and blades pro-
duces a pitch ratio of 1 at the interface between N2 stator, B2

rotor, and N3 stator. Therefore, there is no scaling approximation
due to passing flow between consecutive stages with identical
interfaces.
Fig. 3. Radial distribution of yþ on the rotating surface in the front disk cavity for
steady RANS simulation coupled with k� e and k�x ðSSTÞ turbulence models.
3. Numerical methods

The commercial CFD solver, ANSYS CFX Version 15, ANSYS Inc.
[37], has been employed to solve Reynolds-Averaged Navier-
Stokes (RANS) equations coupled with k� e and k�x ðSSTÞ
turbulence models. A scalar equation is solved to represent the
purge flow and to determine the rim sealing effectiveness. The
computational domain comprises one quarter of whole gas
turbine. The interaction between rotor and stator is accounted
by a frozen rotor interface for steady simulations and a sliding
mesh technique for unsteady simulations. Total pressure and
static pressure boundary conditions are imposed to the gas main-
stream inlet and outlet, respectively. Turbulence intensity of
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I = 10% is imposed at the inlet. Mass flow rate boundary condi-
tions are assigned for the front and aft purge flow inlets. Rotor
is assigned as a rotating domain and the other four domains
(N2 stator, N3 stator, front cavity and aft cavity) are considered
as stationary domain. High resolution, second order backward
Euler, and first order upwind schemes are used for advection
term, temporal and turbulence modeling, respectively. The
Gauss’s divergence theorem and finite-element shape functions
are utilized to evaluate the control volume gradients. The residual
target is that the normalized root mean square (RMS) errors for
each conservation balance over the entire mesh fell to less than
10�5. The value for different boundary conditions are adapted
from ASU rig data [17] and are listed in Table 1.
Fig. 4. Radial distribution of yþ on the rotating surface in the aft disk cavity for
steady RANS simulation coupled with k� e and k�x ðSSTÞ turbulence models.

Fig. 5. Grid refinement study using radial pressure distribution on the stator surface in
k�x ðSSTÞ turbulence model.
3.1. Tracer gas modeling

An additional advection-diffusion equation is solved for a
passive tracer gas to visualize the ingestion phenomenon:

@

@t
quð Þ þ @

@xi
quiuð Þ ¼ @

@xi
qDu þ lt

Sct

� �
@

@xi
u

� �
ð1Þ

where u is the tracer gas concentration, Du is the molecular diffu-
sion coefficient and Sct ¼ lt=qDt is the turbulent Schmidt number
which is the ratio of turbulent viscosity and turbulent mass diffusiv-
ity. In this study, the default turbulent Schmidt number, Sct ¼ 0:9 is
employed.
the front disk cavity for steady RANS simulation (a): k� e turbulence model. (b):

Fig. 6. Radial static gauge pressure distribution on the stator surface in the front
disk cavity for steady RANS simulation coupled with k� e and k�x ðSSTÞ
turbulence models.
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The molecular diffusion coefficient has the value of
Du ¼ 1:6� 10�5 ½m2=s�. The computed tracer gas concentrations
in the purge air supply, main air inlet and disk cavities are
employed to calculate a local sealing effectiveness value, g rð Þ,
for each location of the front and aft cavities. An effectiveness
value of 0 indicates zero sealing and a value of 1 indicates com-
plete sealing.

For the front cavity:

g rð Þ ¼ u rð Þ �umain

ur¼116:5 mm �umain
ð2Þ

where umain is tracer gas concentration in the main air inlet and
ur¼116:5 mm is the tracer gas concentration in the inner cavity at
the location of r ¼ 116:5 [mm].
Fig. 7. Radial static gauge pressure distribution on the stator surface in the aft disk
cavity for k� e and k�x ðSSTÞ turbulence models.

Fig. 8. Radial distribution of local sealing effectiveness on the stator surface in the
front disk cavity computed by steady RANS simulation coupled with k�x (SST) for
_mPurge ¼ 6 ½CFM� and X ¼ 3250 rpm.
For the aft cavity:

g rð Þ ¼ u rð Þ �umain

upurge �umain
ð3Þ

where upurge is the tracer gas concentration in the purge air flow. It
should be noted that the mentioned definitions are consistent with
definitions of the sealing effectiveness at ASU experiments.

3.2. Computational grid

The unstructured grid was generated for the annulus region
while a structured grid was employed in the disk cavity regions
to discretize the computational domain. The grid points are
clustered close to the seals where the velocity and concentration
gradients are larger. Fig. 2 presents grid distributions in the
wheel-space, labyrinth seal, and main stream region. The circum-
ferential spatial resolution for both front and aft disk cavities is
equal to 1� per cell.

In this study, in order to reduce the grid number and computa-
tional cost, wall function was utilized in the wall boundary
Fig. 9. Radial distribution of local sealing effectiveness on the stator surface in the
aft disk cavity computed by steady RANS simulation coupled with k�x (SST) for
_mPurge ¼ 4 ½CFM� and X ¼ 3250 rpm.

Fig. 10. Averaged static gauge pressure variation in the streamwise direction in the
annulus section of gas turbine from the mainstream flow inlet to outlet.
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conditions. Wall function is valid within a specific range of yþ. The
yþ associated with the first cell should not be too large that the first
node falls outside of the log-law layer and it should not be too
small that the first node is placed in the viscous sublayer of the
boundary layer [38]. The scalable and automatic wall functions
are deployed for the k� e and k�x ðSSTÞ turbulence models,
Fig. 11. Blade-to-Blade contour (a) static gauge pressure (b) velocity in stationary
frame.

Fig. 12. Streamline and contour of velocity- (a) aft rim cavity- (b
respectively. To verify that the resolution of computational grid
is consistent with wall function, yþ on the cavities’ walls are com-
puted. Figs. 3 and 4 show the yþ distribution on the rotating sur-
face in the front and aft disk cavities, respectively. For the k� e
turbulence model the yþ is in the range of 5 < yþ < 40 and for
the k�x ðSSTÞ turbulence model the yþ ffi 1: These yþ values are
consistent with scalable wall function in k� e turbulence model
and near wall resolution in k�x ðSSTÞ, respectively.

In order to confirm the grid independency, different computa-
tional grids were tested. Fig. 5 shows the radial distribution of
pressure on the stator surface in the front disk cavity. As the num-
ber of cells exceeds about 20 million and 13 million elements for
k�x ðSSTÞ and k� e turbulence models, respectively, there is a
negligible variation in the pressure distribution. For example, the
average pressure difference between 20.4 million and 25.1 million
grids is less than 8 Pa (0.2%). Therefore, we used a computational
domain with 20.4 million cells for k�x ðSSTÞ turbulence model
and 13.5 million cells for k� e turbulence model. This difference
in the number of cells for k� e and k�x ðSSTÞ turbulence models
is due to different wall functions used for each turbulence model.

3.3. Methodology validation

In order to demonstrate the accuracy of the CFD methodology,
pressure data acquired from CFD simulation are compared with
ASU experimental rig data. The k� e and k�x ðSSTÞ shear stress
transport turbulence models are applied. The k� e turbulence
model computes the eddy viscosity in the RANS equations by
solving two transport equations for turbulent kinetic energy and
turbulent dissipation rate. This model is numerically stable and
robust but it is not able to predict secondary flow characteristics,
reattachment and separation. Moreover, k� e fails to correctly pre-
dict the onset and amount of separation in the adverse pressure
) aft inner cavity- (c) front inner cavity- (d) front rim cavity.
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gradient flows. The k�x ðSSTÞ turbulence model is a combination
of superior elements of k�x and k� e turbulence models. It uti-
lizes the k�x turbulence model in the inner part of boundary
layer and gradually switches to the standard k� e model in the
wake region of the boundary layer and free shear layers [39]. The
transition between these two models is based on a blending func-
tion. This blending function is one in the sublayer and logarithmic
region of boundary layer and gradually switches to zero in the
wake region and free shear layers. The other advantage of
k�x ðSSTÞ turbulence model is that the eddy viscosity formula-
tion is modified to take into account the effect of turbulent shear
Fig. 13. Sealing effectiveness for front and aft disk cavities (a): aft disk cavity with
_mPurge ¼ 4 ½CFM� - (b): front disk cavity with _mPurge ¼ 6 ½CFM�.

Fig. 14. Circumferential location for pressure distribution plots – ‘a’ location: 1.5
[mm] downstream N2 vane trailing edge at the shroud – ‘b’ location: 0.6 [mm]
downstream N2 vane trailing edge at the hub – ‘c’ location: on the N2 stator surface
in the front disk cavity at r = 198 [mm].
stress transportation. This turbulent shear stress transportation is
important to predict severe adverse pressure gradient flows [40].

Fig. 6 shows the radial static gauge pressure distribution on the
stator surface in the front disk cavity. The k�x ðSSTÞ turbulence
model shows a better agreement with experimental data. This
improvement can be due to the ability of this model to capture
the adverse pressure gradient flow in the disk cavity region.

Fig. 7 depicts the radial static gauge pressure variation on the
stator surface in the aft disk cavity. The k� e turbulence model
has a slightly better prediction compared to k�x ðSSTÞ turbulence
model in the inner cavity region. In the rim cavity region, both
turbulence models could perfectly predict static pressure. There-
fore, k�x ðSSTÞ turbulence model, due to its better agreement
especially in the front disk cavity, has been chosen for future sim-
ulations. Soghe et al. [41] used two modified versions of the k-x
SST model including the curvature correction and reattachment
modification. These modified versions demonstrated better capa-
Fig. 15. Circumferential distribution of static gauge pressure at different locations
for _mpurge ¼ 6 ½CFM�.

Fig. 16. Circumferential distribution of static gauge pressure in annulus and cavity
region for _mpurge ¼ 6 ½CFM�.
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bilities, but standard k�x (SST) model offered the best trade-off
between accuracy and computational cost.

To evaluate the capability of CFD simulation in the prediction of
rim seal ingestion, numerical sealing effectiveness for steady k�x
(SST) model were compared with the experimental data. Figs. 8
and 9 show radial distribution of local sealing effectiveness at
the stator surface in the front and aft disk cavities, respectively.
In contrast with pressure data validation, CFD poorly modeled
Table 2
Purge flow rate for aft and front disk cavities.

Total [CFM] Front cavity [60%] [CFM] Aft cavity [40%] [CFM]

10 6 4
20 12 8
30 18 12
40 24 16

Fig. 17. Radial distribution of static gauge pressure on the stator surface of front
cavity for different purge flow rates.

Fig. 18. Radial distribution of static gauge pressure on the stator surface of aft
cavity for different purge flow rates.
ingestion and overpredicts the sealing effectiveness compared to
the rig experimental data. This discrepancy is more severe in the
front cavity. This overprediction can be due to employing steady
simulation. It highlights that ingestion is an unsteady phenomenon
and steady RANS technique is not able to capture it precisely.
Therefore, authors investigate the effects of unsteadiness in
Section 4.5 by employing URANS technique.
4. Results and discussion

4.1. Flow and sealing effectiveness visualization

Fig. 10 shows the averaged axial static gauge pressure drop in
the 1.5-stage axial gas turbine from the mainstream flow inlet to
the outlet. To provide deeper insight into pressure variation, the
axial pressure variation plot is shown along the pressure contour
Fig. 19. Circumferential distribution of static gauge pressure at b location for
different purge flow rates _mpurge ¼ 6;12;18 and 24 ½CFM�.

Fig. 20. Circumferential distribution of static gauge pressure at c location for
different purge flow rates _mpurge ¼ 6;12;18 and 24 ½CFM�.
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in the annulus section of the gas turbine. It can be seen that as flow
passes through vanes and blades, the static pressure drops by
about 6000 [Pa] from the mainstream flow inlet to outlet, which
is consistent with ASU experimental rig data.

Fig. 11 depicts the contour of static gauge pressure and velocity
in the stationary frame at the gas turbine annulus section in the
Blade-to-Blade view. The velocity contour shows that the maxi-
mum velocity reaches about 120 [m/s] in the region close to rotat-
ing blade leading edge and the minimum velocity occurs close to
the stationary vanes leading edges.

Fig. 12 shows the contour of velocity and streamlines in front
and aft disk cavities. These streamlines demonstrate the rotation-
ally induced ingress. Fluid moves radially outward in the rotor
boundary layer and inward in the stator boundary layer. Between
the boundary layers, especially for the rim cavities which the flow
has higher tangential velocity, a core of fluid rotates at the speed
necessary to satisfy the conservation of mass. This rotation creates
a radial pressure gradient which results in pressure increase with
the radius.
Fig. 21. Circumferential distribution of static gauge pressure in annulus and c
Fig. 13 depicts the contour of local sealing effectiveness for the
front and aft disk cavities. The front disk cavity is fully sealed while
the aft disk cavity has inefficient sealing effectiveness. This differ-
ence between sealing effectiveness can be due to the rim seal axial
overlapping in the front disk cavity and 50% more purge flow rate
supplied to the front disk cavity. For the aft disk cavity, the sealing
effectiveness in the rim cavity is around 0.6. The front cavity fully
sealing can also be due to the substantial pressure drop across the
labyrinth seal. This pressure drop resists ingestion into the inner
cavity. Sealing effectiveness comparison between front and aft disk
cavities shows that the rim seal axial overlapping had a key role in
mitigating the hot gas ingestion.

4.2. Circumferential pressure asymmetry

In order to show circumferential pressure asymmetry, static
gauge pressure is plotted at three different circumferential
locations: at 1.5 [mm] downstream of N2 vane trailing edge on
the outer shroud (a location), at 0.6 [mm] downstream of N2 vane
avity region for different purge flow rates _mpurge ¼ 6;12;18 and 24 ½CFM�.
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trailing edge on the hub (b location), and on the N2 stator surface in
the front disk cavity at r = 198 [mm] (c location). These locations
are illustrated in Fig. 14.

Fig. 15 shows the circumferential variation of static gauge pres-
sure at a, b, and c circumferential locations over two N2 vane
pitches. The pressure wave pattern varies from one pitch to
Fig. 22. Radial distribution of sealing effectiveness on the stator surface of aft disk
cavity for different purge flow rates _mpurge ¼ 4;8;12 and 16 ½CFM�.

Fig. 23. Contour of local sealing effectiveness in the aft disk cavit
another and it is due to the pitch difference between N2 vanes
and B2 blades. At each circumferential location, pressure variations
show the same phase but different amplitudes. The pressure level
at the outer shroud region is higher compared to the vane platform
pressure and it can be due to the centrifugal force imposed by rota-
tion. Among the three locations, the maximum peak-to-trough
y for different purge flow rates _mpurge ¼ 4;8;12 and 16 ½CFM�.

Fig. 24. Radial variation of sealing effectiveness on stator surface of aft disk cavity
for different rotational speeds X ¼ 3250;4875; and 6500 rpm and _mPurge ¼ 4 ½CFM�.
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amplitude occurs at the a location and the peak-to-trough ampli-
tude decreases by marching toward the vane platform and it is sig-
nificantly attenuated in the cavity region. The pressure peak-to-
trough amplitude is about 550 [Pa] and 300 [Pa] at the a and b
locations, respectively.

As mentioned, when flow passes through stationary vanes and
rotating blades, it creates regions of low and high pressure. This
pressure asymmetry causes ingress in higher pressure regions
and leads to egress in lower pressure regions. The pressure at the
outer shroud (a location) is influenced by the blade tip flow and
has less relevance to the rim seal gas ingestion compared to the
pressure close to the vane platform (b location). Therefore, b loca-
tion was chosen to analyze externally induced ingestion. Fig. 16
shows ingress and egress regions based on the pressure difference
between annulus and cavity region. The solid line with larger peak-
to-trough amplitude stands for annulus pressure and the dash line
with smaller peak-to-trough amplitude stands for pressure in the
cavity region. Ingress occurs in the regions where annulus pressure
is higher than the cavity pressure and egress takes place where the
pressure of annulus is lower than the cavity pressure.
Fig. 25. Contour of local sealing effectiveness in the aft cavity for different
4.3. Effects of purge flow rate

This section focuses on the effect of purge flow rate on the pres-
sure and sealing effectiveness distribution in radial and circumfer-
ential directions. Four different purge flow rates were examined as
listed in Table 2.

Figs. 17 and 18 show the radial distribution of static gauge pres-
sure for different purge flow rates at stator surface in the front and
aft disk cavities, respectively. As the purge flow rate increases, the
pressure level in the inner cavity raises about 900 [Pa] and 400 [Pa]
in the front and aft disk cavities, respectively. This remarkable
pressure ascent is due to the flow restriction imposed by the labyr-
inth seal. Moreover, there is higher pressure drop in the labyrinth
seal for higher purge flow rates. This higher-pressure drop will
result in higher sealing effectiveness. The radial pressure gradient
in the rim cavity is higher than the inner cavity which can lead
to steeper variation in the sealing effectiveness in the rim cavity.
This difference in the pressure gradient is due to higher tangential
velocity and centrifugal force in the rim cavity compared to the
inner cavity.
rotational speeds X ¼ 3250;4875; and 6500 rpm and _mPurge ¼ 4 ½CFM�.



Table 3
Solver parameters for URANS simulation.

Time step (s) Total time Iteration per
time step

Convergence criteria

2.3 � 10�5 5 Revolutions 10 RMS residual less than 10�5
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Fig. 19 shows the circumferential variation of static gauge pres-
sure at b location, 0.6 [mm] downstream of N2 vane trailing edge
on the vane platform, for four different purge flow rates
_mpurge ¼ 6;12;18 and 24 ½CFM�. As the purge flow rate increases
from 6 [CFM] to 24 [CFM], the pressure increases around 130
[Pa]. Change in the purge flow rate does not alter the pressure
wave phase and the peak-to-trough pressure amplitude remains
approximately unchanged for different purge flow rates, but the
whole pressure curve shifts upward with purge flow rate.

Fig. 20 shows the circumferential distribution of static gauge
pressure at c location, on the N2 stator surface in the front disk cav-
ity at r = 198 [mm], for four different purge flow rates
_mpurge ¼ 6;12;18 and 24 ½CFM�. The peak-to-trough pressure asym-
metry amplitude at c location is significantly small compared to
the b location. As the purge flow rate increases from 6 [CFM] to
24 [CFM], the pressure level at c location raises by 210 [Pa].

Fig. 21 shows both circumferential pressure distribution in b
and c locations and differential areas between them, which deter-
mines ingress and egress regions for different purge flow rates. As
the purge flow rate increases, the pressure in both cavity and annu-
lus regions shift upward. The pressure inside the cavity is more
sensitive to the purge flow rate variations. Therefore, it would have
higher raise with purge flow rate. Our results show that when the
purge flow rate increases from 6 [CFM] to 24 [CFM], the averaged
up-shift is about 210 [Pa] and 130 [Pa] for the cavity and annulus
region, respectively. It means that increase in the purge flow rate
leads to egress area increment and ingress area reduction. Conse-
quently, it mitigates mainstream flow ingestion into the disk cavity
region. This indicates that the purge flow rate can alter the pres-
sure field and influence the hot gas ingestion due to circumferen-
tial pressure asymmetry.

Fig. 22 shows the radial distribution of local sealing effective-
ness on the stator surface of the aft cavity for different purge flow
rates _mpurge ¼ 4;8;12 and 16 ½CFM�. For all purge flow rates, the
inner cavity is approximately fully sealed. However, the rim cavity
region is more sensitive to the purge flow rate and the sealing
effectiveness increases from 0.6 to 1 for purge flow rates from 4
to 16 [CFM]. The sealing effectiveness consistently improved with
purge flow.

Fig. 23 depicts the contour of local sealing effectiveness in the
aft disk cavity for different purge flow rates
_mpurge ¼ 4;8;12 and 16 ½CFM�. Higher purge flow rates result in
higher sealing effectiveness. This trend is compatible with pressure
Fig. 26. Variation of averaged sealing effectiveness in the rim cavity with rotational
speed for _mPurge ¼ 4 ½CFM�.
drop seen in Fig. 18. As Fig. 23 illustrates, there is a fully sealed
condition in the purge flow rate of 16 [CFM]. Therefore, this
amount of purge flow is enough to prevent ingestion in the aft disk
cavity.
4.4. Effects of rotational speed

This section highlights the influence of rotational speed on rim
seal ingestion. Three different rotational speeds X ¼ 3250;
4875; and 6500 rpmwere examined. Fig. 24 shows the radial distri-
bution of local sealing effectiveness on the stator surface of the aft
disk cavity. As it was expected, the sealing effectiveness decreases
with the increase of the rotational speed. Higher rotational speeds
lead to higher centrifugal forces which increase the pressure
difference between annulus and cavity region and consequently
rotationally induced ingestion. In the higher rotational speeds, the
Fig. 27. Contour of sealing effectiveness in the front disk cavity for both RANS and
URANS simulations.
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rotationally induced ingestion mechanism is the dominant mecha-
nism compared to the externally induced ingress mechanism.

Contours of local sealing effectiveness for different rotational
speeds are shown in Fig. 25. Rotational speed has a negligible effect
on the local sealing effectiveness of the inner cavity, but the sealing
effectiveness decreases with rotational speed in the rim cavity. For
instance, 50% increase in rotational speed leads to a 37% reduction
in the averaged sealing effectiveness in the rim cavity region.

In order to show the correlation between the sealing effective-
ness and rotational speed, the averaged values of local sealing
effectiveness on the aft stator surface in the rim cavity region for
different rotational speeds were calculated and the variation of
the averaged sealing effectiveness versus rotational speed is shown
in Fig. 26. The averaged sealing effectiveness decreases approxi-
mately in a linear trend with respect to the rotational speed, which
is consistent with [4,5]. According to [4,5], the minimum dimen-
sionless flow rate necessary to prevent ingress varies linearly with
the rotational Reynolds number. The minor discrepancy between
our results and the linear relationship can be attributed to the
inclusion of mainstream annulus in the current study. Refs. [4,5]
conducted their experiments without the main gas path and it is
possible that such an external flow could change the relation
between the sealing effectiveness and rotational speed.
4.5. Effects of unsteadiness

The unsteady Reynolds averaged Navier-Stokes (URANS) simu-
lation has been carried out to consider the rotor-stator unsteady
effects on the hot gas ingestion into rotor-stator disk cavities.
The solver parameters have been listed in Table 3.
Fig. 28. Contour of sealing effectiveness in the aft disk cavity for both RANS and
URANS simulations.
Fig. 27 shows the contour of local sealing effectiveness in the
front disk cavity for both RANS and URANS simulations. Although
URANS technique predicts lower sealing effectiveness close to
the rim seal compared to the RANS technique, both approaches
overpredicted the sealing effectiveness compared to the rig data.
The URANS results demonstrate that the unsteady effects led to
more hot gas ingestion into the disk cavity but still there is a devi-
ation in the ingestion amount in comparison with the experimen-
tal data. The unsteady effects are even more pronounced in the aft
cavity.

The contour of local sealing effectiveness in the aft disk cavity
for both RANS and URANS simulations have been shown in
Fig. 28. Similar to the front disk cavity, the URANS simulation
predicted higher ingestion into the disk cavity, especially into the
inner disk cavity.

The radial distribution of sealing effectiveness on the stator
surface for the front and aft disk cavities has been shown in
Fig. 29. Local sealing effectiveness on the stator surface of the front disk cavity for
both RANS and URANS simulations.

Fig. 30. Local sealing effectiveness on the stator surface of the aft disk cavity for
both RANS and URANS simulations.
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Figs. 29 and 30. For the aft cavity, steady RANS approach predicted
a fully sealed condition in the inner cavity, while the sealing effec-
tiveness varies around 0.8 in the unsteady RANS simulation. Both
RANS and URANS approaches predicted the sealing effectiveness
of 0.6 through the rim cavity which is higher than the rig data.
5. Conclusion

In the current study, numerical simulations were conducted to
investigate the flow characteristics and rim seal gas ingestion in a
subscale 1.5-stage gas turbine. The numerical methodology has
been validated against experimental data. Also, radial and circum-
ferential distributions of pressure were analyzed within annulus
and wheel-space. Both rotationally and externally induced inges-
tion mechanisms were studied under different purge flow rates
and rotational speeds. The principal conclusions that can be drawn
are as follows:

� Steady Reynolds Averaged Navier-Stokes approach can predict
the pressure distribution correctly, but it underpredicts hot
gas ingestion and overpredicts sealing effectiveness. This
overprediction motivated unsteady simulations (URANS). The
URANS predicted lower sealing effectiveness, however, still
above the experimental results.

� The URANS approach could predict sealing effectiveness
correctly for inner cavities, but there is overprediction in rim
cavities.

� The k�x ðSSTÞ turbulence model, due to its superiority in
predicting secondary flow characteristics, reattachment and
separation, leads to better results compared to the k� e turbu-
lence model. However, k�x ðSSTÞ turbulence model required
larger grid cell number because of its near wall resolution
scheme.

� Streamlines in the wheel-space display an outward flow in the
B2 rotor disk boundary layer and an inward flow in the N2 and
N3 stator disks boundary layers. This flow pattern is a proof of
rotationally induced ingress mechanisms.

� As the purge flow rate increases, the static pressure in both
inner and rim disk cavities increases, but this raise is more
remarkable in the inner cavity. The pressure gradient is larger
in the rim cavity compared to the inner cavity. This difference
can be attributed to higher tangential velocity and centrifugal
force in the rim cavity.

� As the purge flow rate increases, circumferential pressure has
higher shift-up in the cavity compared to the annulus. There-
fore, it decreases the ingress regions and increases the egress
regions. Consequently, the sealing effectiveness is improved.

� The front disk cavity has better sealing effectiveness compared
to aft disk cavity. That can be due to the rim seal axial overlap-
ping in the front disk cavity.

� As the rotational speed increases, the sealing effectiveness in
the rim cavity reduces. The averaged sealing effectiveness on
the stator surface decreases linearly with rotational speed.
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