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Abstract In turbine disk cavity, rim seals are fitted between the stator and its adjacent rotor
disk. A coolant air injected through the turbine disk cavity to prevent the ingress of main-
stream hot gases. The purpose of this paper is to investigate numerically the effect of the
upstream purge flow on the aero and thermal performances of a high pressure turbine rotor.
The investigations are conducted on a generic rim seal cavity inspired from a realistic
turbofan engine. Four purge fractions (PF) equal to 0.2%, 0.5%, 1.0% and 1.5% of the main-
stream are considered. The simulations are done by solving the three-dimensional Reynolds
averaged Navier-Stokes and energy transport equations. The results include the effect of the
PF on the cooling effectiveness, the sealing effectiveness, the secondary flows with losses
and the heat transfer behavior, within the cavity and across the rotor passage. The low PF
of 0.2% provided a low cooling effectiveness, a moderate sealing effectiveness and mini-
mum losses. The high PF of 1.5% gave a high cooling effectiveness, a best sealing effective-
ness and maximum losses. The medium PF of 1.0% supplied a compromise between the
aerodynamic and thermal design needs with good cooling and sealing efficiencies and a
tolerable level of losses.
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Nomenclature

BL boundary layer
CFD computational fluid dyna
CP control planes
CRV counter rotating vortex
CV corner vortex
GV geometric vortices
HPT high pressure turbine
HSV horse shoe vortex
HTC heat transfer characteristi
K-H Kelvin-Helmholtz
LE leading edge
LV leakage vortex
MCP maximum camber point
MSG mid seal gap
OSG outer seal gap
PF purge fractions
PS pressure side
PV passage vortex
RANS Reynolds average Navie
RMS root mean square
SLV sub-leakage vortex
SRS scale resolved simulation
SS suctions side
SV shear vortices
TE trailing edge
TKE turbulent kinetic energy
TPR total pressure ratio
c chord (unit: m)
C constant
cp heat capacity (unit: J/(kg
H blade span (unit: m)
h heat transfer coefficient (
i incidence angle (unit: de
k turbulent kinetic energy
M Mach number
ª 2021 Beihang University. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
mics

cs

r-Stokes

$K))

unit: W/(m2$K))
gree)

m mass flow rate (unit: kg/s)
Nu Nusselt number
p pressure (unit: Pa)
Pr Prandtl number
q heat flux (unit: W/m2)
T temperature (unit: K)
Tþ normalized near-wall temperature
yþ normalized first grid cell height

Greek letters
a flow angle (unit: degree)
b turning angle (unit: degree)
g stager angle (unit: degree)
h sealing effectiveness
q cooling effectiveness
l thermal conductivity (unit: W/(m$K))
m viscosity of the fluid (unit: Pa$s)
x loss coefficient
r density of the fluid (unit: kg/m3)
s pitch-to-chord ratio
t shear stress (unit: Pa)

Subscripts
þ non-dimensional near-wall
0 total quantity
1 upstream
2 downstream
N freestream
is isentropic
mix mixed-out
p purge flow
s seal
t turbulent
w near wall
x axial location
1. Introduction

Today’s aero-engines run at extreme operating conditions
in order to maximize both engine thrust-to-weight ratio and
efficiency. Burned gases at the outlet of the combustion
chamber and inlet of the turbine reach up the temperatures
of 1700 K for commercial aircraft engines and 2200 K for
military aircraft engines [1]. Hence, internal cooling, film
cooling and sealing technologies become more and more
sophisticated to keep up with high gas temperatures re-
quirements. The coolant air is extracted from the
compressor in order to cool the hot-gas-path components,
such as endwalls, vanes, blades and blade tips, using
internal and film cooling, and other hot components, such as
turbine disk cavity (wheel-space) using sealing (purged) air.
In turbine disk cavity, rim seal is fitted between the stator
and its adjacent rotor disk to prevent, or at least, to dilute the
ingress of mainstream hot gases to a tolerable level
(Figure 1).

It is important to understand the fluid dynamics gov-
erning the flow at the periphery of the rim seal. The inter-
action between the stationary vanes and rotating blades in
the mainstream annulus generates an unsteady three-
dimensional circumferential pressure asymmetry. Ingress
of hot gases occurs in the regions of the clearance where the
pressure in the annulus is higher than that in the disk cavity.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


T
ab

le
1

R
ec
en
t
lit
er
at
ur
e
su
rv
ey

of
th
e
di
ff
er
en
t
as
pe
ct
s
co
ve
re
d
in

nu
m
er
ic
al

tu
rb
in
e
ri
m

se
al

st
ud

ie
s.

S
tu
dy

C
av
ity

sh
ap
e

F
oc
us

T
im

e
T
ur
bu
le
nc
e

G
eo
m
et
ry

M
ot
io
n

P
hy
si
cs

S
lo
t

B
as
ic

S
im

pl
e

G
en
er
ic

R
ea
lis
tic

C
av
ity

P
as
sa
ge

S
te
ad
y

U
ns
te
ad
y

R
A
N
S

S
R
S

N
G
V

R
ot
or

S
ta
tio

na
ry

R
ot
at
io
na
l

H
ea
t
tr
an
sf
er

F
lo
w

Ju
lie
n
et

al
.
[4
]

x
x

x
x

x
x

x
x

Ji
a
an
d
L
iu

[6
]

x
x

x
x

x
x

x
x

P
op
ov

ic
an
d
H
od

so
n
[2
1]

x
x

x
x

x
x

x
x

x
Ji
a
et

al
.
[2
5]

x
x

x
x

x
x

x
x

x
F
io
re

et
al
.
[2
6]

x
x

x
x

x
x

x
x

x
S
co
bi
e
et

al
.
[1
8]

x
x

x
x

x
x

x
x

x
W
an
g
et

al
.
[1
6]

x
x

x
x

x
x

x
x

x
x

C
ui

an
d
T
uc
ke
r
[2
4]

x
x

x
x

x
x

x
S
on
g
et

al
.
[1
5]

x
x

x
x

x
x

x
x

S
on
g
et

al
.
[2
0]

x
x

x
x

x
x

x
x

G
ao

et
al
.
[1
9]

x
x

x
x

x
x

x
x

Z
ha
ng

et
al
.
[2
3]

x
x

x
x

x
x

x
x

G
ha
se
m
ia
n
et

al
.
[1
7]

x
x

x
x

x
x

x
x

x
F
io
re

et
al
.
[2
2]

x
x

x
x

x
x

x
x

P
re
se
nt

st
ud

y
x

x
x

x
x

x
x

x
x

Figure 1 Sketch of multistage turbine secondary-air cooling and
sealing.
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Egress of purged air occurs in the regions where the pres-
sure difference is reversed [2].

The rim seal performance is explored using both exper-
imental and numerical researches. Experimental researches
of academics groups rely widely on turbine cascade test-rigs
to investigate the fluid dynamics and heat transfer governing
the seal clearance performance. However, turbine cascade
rigs do not give a full insight of the ingress and egress
phenomenon because they do not always run close to engine
operating conditions. Thus, realistic turbine-based rigs
running close to engine-operating conditions are more
powerful and almost used exclusively in research facilities
of aero-engines manufacturers. This kind of rigs is equipped
with state-of-the-art instruments of measurements and it is
very expensive. Therefore, the numerical researches are the
alternative and less expensive approaches to explore the rim
seal performance. A very rapid growing trend to use CFD
(computational fluid dynamics) codes is raised in industry to
design rim seals [3e6] and explore other turbine flows is-
sues [7e10] or even other engine-components issues
[11e14].

Regarding the rim seal CFD studies, efforts are focused
on many aspects, ranging from the geometric shape of the
disk cavity [15e18], going through the physics of the flow
and heat transfer characteristics (HTC) within both the
cavity [4,19] and hot passages [20,21] and up to the nu-
merical models used for the simulations [6,22]. A survey of
recent literature about the different aspects covered in nu-
merical rim seal studies is presented in Table 1. For the
geometric shapes of the disk cavity found in the literature,
we can classify them in 5 categories, which are: the slot, the
basic cavity, the simple cavity, the generic cavity and the
realistic cavity. Figure 2 schematizes these different types of
cavities. The slot configuration doesn’t contain any sealing
and it could be inclined or perpendicular to the endwall. The
main purpose of using this configuration is to investigate the
effect of the purge flow on the aerothermal performance of
the rotor passage and the endwall [15,20,23]. The basic
cavity contains only one seal and it is usually used to
investigate the interaction of the purged flow with the



Figure 2 Drawings of different types of disk cavities found in the
literature.

Figure 3 R1S1 turbine rotor geometry nomenclature.

Table 2 R1S1 high turning rotor details.

Parameter Value Unit

Chord (C ) 35.9 mm
Axial chord (Cx) 30.5 mm
Pitch-to-chord ratio (s) 0.7607 e

Blade span (H ) 50 mm
Incidence angle (i) �5 degree
Stager angle (g) 58.38 degree
Turning angle (b) 118.36 degree
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mainstream [22,24] using more advanced turbulence models
than the Reynolds average Navier-Stokes (RANS) simula-
tion. These models are generally known as the scale
resolved simulation (SRS). The simple cavity usually con-
tains two to three superposed seals [6,16]. It is mainly
simulated to investigate the effect of the number, shape and
position of the seals on the sealing effectiveness. The
generic cavity is a more complex type than the above
mentioned cavities and its design approaches a lot to aero-
engines disk cavities. It could contain several seals, teeth
at seals edges, fillets on the corners and variable section
passages of the coolant. The generic cavity is simulated to
investigate the closest possible representative conditions of
the realistic turbine sealing [17,19,21]. The realistic cavity
contains more geometric details than the previous type. This
kind of cavities is designed by the aero-engines manufac-
turers and it is studied to improve sealing by geometrical
enhancements of a previous version of a realistic cavity or to
investigate a new cavity design [4,18] to be included in new
aero-engines turbines. In addition to the geometric shapes of
the cavities, Table 1 provides other information found in the
literature, such as the focus of the studies either in the cavity
[4,16,18,21] or in the rotor passage only [6,15,20,24], the
physics investigated which concentrates on the flow
behavior [4,6,16,24] or both the flow and HTC
[15,17,20,23], the turbulence models adopted either RANS
[16,18,21] or SRS [19,22,24], the time dependent simula-
tions [18,19,22] or steady ones [15e17], the rotation of the
studied domains [4,6,16,18] or not [20e24] and finally the
inclusion of the vanes upstream the cavity [4,6,16,18] or not
[20e24].

Generally, from the available literature and particularly
from the above survey, we can notice the following two
main points: 1) The majority of the studies are interested on
basic and simple cavities and only few studies investigated
generic or realistic cavities. 2) The majority of the studies
are focused on the flow and HTC within the cavity or across
the hot passage and only very few studies investigated the
flow and HTC simultaneously within the cavity and hot
passage. To cover this lack, the present study will investi-
gate a generic rim seal cavity inspired from a realistic
turbofan engine and it will focus on the flow behavior and
HTC inside the cavity and across the hot passage as well. In
addition, this paper will compare a number of purge frac-
tions (PF) to examine the ability of the cavity to prevent
ingress of mainstream hot gases as well as to quantify the
aerodynamic losses. The effect of the purge fractions on the
sealing effectiveness, the cooling effectiveness, the sec-
ondary flows with losses and the heat transfer behavior is
examined and the results are discussed.

2. Configuration and numerical method

2.1. Rotor blade cascade and generic rim

The present investigation is performed on the two-
dimensional high turning rotor blade designated as R1S1.
The rotor was designed by SNECMA for modern aero-
engines [27,28]. Figure 3 depicts the investigated rotor
cascade geometry. The rotor is characterized by a high turning
angle of 118.36�, a pitch-to-chord ratio (g/c) of 0.7607 and a
stager angle (g) of 58.38�, while the rest of the geometric
parameters and flow conditions are given in Table 2. Several



Figure 4 The reference CFM56 HPT cavity (a) and the studied
generic cavity (b).
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experimental aerodynamic and thermal measurements on this
rotor cascade has been done by Arts et al. [29].

Figure 4(a) shows a drawing of the reference design
which represents a typical triple seal realistic cavity found in
the high pressure turbine (HPT) of the CFM56 turbofan
engine. Figure 4(b) shows a drawing of the generic rim seal
inspired concept of the disk cavity which is investigated by
CFD. The essential difference between the realistic and
generic cavity is that the latter features some simplifications,
such as removing few fillets from seals corners. The generic
cavity features two seals which end with one tooth each at
the stator-side and one seal between them at the rotor-side.
The choice on using this arrangement of the three seals is to
create a guided passage for the cooling air to reduce the
penetration of ingress to the cavity. The intention of the two
teeth is to provoke a counter-rotating vortex (RCV) to
contain the hot ingress.

2.2. Numerical domain, grid and flow conditions

The numerical stationary domain and boundary condi-
tions are shown in Figure 5. The mainstream inlet is located
at one axial chord from the rotor leading edge (LE) and the
outlet is located at around one and half axial chord from the
rotor trailing edge (TE). To reduce computational efforts,
only a half of the rotor span is considered and a symmetry
condition is imposed at this location. Note that Cui and
Tucker [24] found that the midspan region is not affected by
the purge flow. A pair of periodic boundaries is imposed at
Figure 5 Numerical domain with boundary conditions.
the pitchwise direction so that the numerical domain covers
only one blade passage. The rotor-side wall of the cavity is
located at around 10% of the axial chord from the rotor LE.

The mesh of the numerical domain is generated in
ANSYS-Workbench using multi-block topology and it is
shown in Figure 6. The domain is divided into 27 blocks
and each block supports a structured mesh. The mesh res-
olution is very fine and has 6.5 � 106 cells. It is originally
generated to support both RANS and SRS calculations.
Note that for RANS calculation of a turbomachinery blade
passage, a mesh size of 2 million elements is largely suffi-
cient, as it will be shown next. The walls have been resolved
using structured boundary layers consisting of 17 elements
normal to the passage surfaces and 15 elements normal to
the cavity surfaces. The maximum equisize skewness is
0.806 and the maximum yþ value in order of 1.

The boundary conditions are imposed as following: at the
mainstream inlet, a velocity of 70 m/s is imposed with the
incidence angle of �5�, turbulence intensity of 5% and a hot
static temperature of 1473.15 K. At the outlet, a zero Pascal
static pressure is imposed with an averaging over the whole
surface option. For all the walls, a non-slip and adiabatic
conditions are applied. At the cavity inlet, four purge flow
rates are investigated which represent fractions from the
mainstream mass flow rate, which referred to as the purge
fractions (PF Z 0.2%, 0.5%, 1.0%, 1.5%). At the same
locations, a cooling temperature of 923.15 K is applied with
a turbulent length scale equal to this inlet width.

2.3. Numerical parameters and code validation

The simulations are performed using ANSYS-CFX CFD
software. The solutions are obtained by solving the 3D
steady RANS equations using the finite volume method.
The high resolution discretization method is adopted for
both the advection scheme and turbulence numerics, which
is a second order central difference scheme. The equation of
the heat transfer is solved using the thermal energy option.
The turbulence model adopted is the two equation k-u SST
with transition formulation (Transition SST) that takes into
account the intermittency transport equation similar to Refs.
Figure 6 2D mesh of the generic cavity (a) and 3D mesh showing
fractions of the cavity, the rotor and the endwall (b).



Figure 8 Computation versus experimental data of the heat transfer
coefficient at mid span.

322 Zakaria Mansouri
[9,10]. Note that this steady RANS model is adopted to
avoid the huge computational cost of the unsteadiness and
the transition formulation can provide comparable results to
unsteady RANS.

Various convergence criteria are used, so that the nu-
merical results will be effectively accurate. This is done by
checking the static pressure at the rotor surface, the static
pressure and the mass flow rate at the outlet of the domain.
In addition, the root mean square (RMS) residuals of the
mass conservation, the momentum, the energy, the turbulent
kinetic energy and the specific rate of dissipation equations
are less than 10�5.

To ensure an accurate modeling of the transonic flow
across the turbine cascade, a mesh sensitivity study has been
conducted. Three different structured meshes of the full
span blade were generated in this investigation, which are:
coarse mesh of 2 million cells, medium mesh of 3 million
cells and fine mesh of 4 million cells. The effect of the mesh
refinement on the isentropic Mach number (Mis) on the
blade surface at mid span 50%, is given in Figure 7. It can
be observed that the coarse mesh profile distribution over-
estimate slightly the shock value (maximum Mach number)
comparing with the other meshes and the experimental data.
The shock location is at x/C Z 0.82 and it takes the value of
1.146 for the coarse mesh and 1.12 for the rest of the
meshes. Thus, there are no significant differences between
the medium and the fine meshes. Moreover, the same cells
density of the fine mesh is kept to generate the mesh of the
half span blade and the results are given also in Figure 7. It
can be seen that the flow in the mid span location is two
dimensional without any effects propagating from the end-
walls and the result is the same as the full span case.

It is important to check suitability of the numerical
method adopted in predicting the thermal behavior on the
rotor surface since this study interests in the aero and ther-
mal characteristics of the investigated configuration.
Figure 8 shows distributions of the heat transfer coefficient
computed with the SST turbulence model with and without
transition formulation and compared to experimental data. It
can be seen that the blade suction side faces a turbulent/
laminar transition of the boundary layer between x/C Z 0.1
and x/C Z 0.5. The SST fails to capture this transition,
Figure 7 Comparison of different meshes with experimental data of
the isentropic Mach number at mid span.
whereas the Transition SST model is able to capture it
especially between x/C Z 0.1 and x/C Z 0.3. At the
pressure side, the Transition SST performs better and it re-
produces quite well the experimental data. Overall, the
validation with the experiments is good for both the isen-
tropic Mach number and the heat transfer coefficient.

3. Results and discussions

3.1. Effects of the purge fractions on the cooling
effectiveness

Figure 9 shows contours of the cooling effectiveness q

and 2D streamlines across the mid seal gap (MSG), the outer
seal gap (OSG) and near the endwalls of both the stator-side
and rotor-side. The cooling effectiveness is given by:

qZ
TN � T

TN � TP
ð1Þ

Where TN is the temperature of the hot mainstream, TP is
the temperature of the purge flow and T is the local
temperature.

These results are plotted at two different axial planes.
The first plane in Figure 9(a) locates close to the rotor
pressure side (PS) at �0.1Cx following the negative pitch-
wise direction. The second plane in Figure 9(b) locates near
the rotor suctions side (SS) at 0.6Cx following the positive
pitchwise direction. The location of Figure 9(a) corresponds
to the maximum ingress for all PF, where the pressure near
the rotor PS above the rim seal is at a maximum value
compared to the generic cavity pressure. It can be seen that
the counter-rotating vortex is present in the MSG between
the toothed stator-side seals as expected. In addition, two
kinds of vortices are present in the OSG for all PF. The first
kind is the geometric vortices (GV) marked by a black circle
(�) which are formed due to the geometric effect on the
flow. The GV are located at the vertical stator-side wall and
upper corner of the rotor-side seal. The second kind is the
shear vortices (SV) which are formed at the OSG due to the
mixing of the hot and cold fluids at this flow junction. The
lower PF (0.2%) features one SV and the other PF feature
two SV. As the PF increases, the size of the vortices



Figure 9 Streamlines and cooling effectiveness within the seal region at maximum ingress (a) and maximum egress (b).
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increases also and this is reported to the increase of the PF
momentum as its mass flow increases which leads to an
ingress resistance by forming more vortices owing to ve-
locity difference across the interface between the two
streams. This phenomenon is well known as the Kelvin-
Helmholtz (K-H) instability. For the very low PF of 0.2%,
the momentum of the cooling fluid is very low, which
conducts to a considerable ingress within both the OSG and
MSG, where the cooling effectiveness reached its minimum
values of 0 at the upper corner of the rotor-side seal and
below 0.2 at the OSG. For higher PF (i.e. 1.0% and 1.5%),
both SV and CRVare larger and more strength than the ones
of the previous low PF and they prevent the ingress from
reaching the MSG and limit it only within the OSG. At the
upper corner of the rotor-side seal, the minimum q is about
0.5, 0.82 and 1 for PFZ 0.5%, 1.0% and 1.5% respectively.
Thus, the formation of more and strength SV leads to more
effective sealing. Regarding the q contours and 2D
streamlines of Figure 9(b), they are located at a maximum
egress region for all PF. At this region, the pressure around
the rotor SS above the rim seal is at a minimum value
relative to the pressure of the cavity. It can be noticed that a
film of cooling air is formed at the rotor-side endwall and
the effectiveness of this film increases as the PF increase.
For example, q reaches its maximum value of 1 for the PF of
1.5% and takes a minimum value of 0.26 for PF Z 0.2%.
Within the MSG region, the distribution of q is very similar
to the maximum ingress case, where a mixing of hot and
cold flows is noticed at PF Z 0.2% and a dominant cooling
air at PF Z 0.5%, 1.0% and 1.5%. For PF Z 0.2%, the
generated mixing in the maximum ingress region propagates
to the maximum egress region within the MSG and with the
presence of pressure gradient in favors of the egress, the
mixture expelled directly outside the cavity towards the
endwall. For the rest of the PF, the high momentum of the
cooling air that prevented previously the ingress from
reaching the MSG becomes higher in the maximum egress
region and is ejected through the OSG directly to the endwall.

Figure 10 shows the aerothermal flow behavior at the
endwall, including (a) the cooling effectiveness, (b) surface
streamlines and (c) iso-surface of Q-criterion (2 � 107 s�2)
for the various PF. From Figure 10(a), the film cooling is
restricted to the near rotor SS region for the first three PF
(0.2%, 0.5% and 1.0%) and it approaches to the rotor LE for
the last PF of 1.5%. As the increase of PF, the purge flow
provides a higher effect of cooling on the endwall by
injecting more cool air into the film. This is beneficial since
it enlarges also the area covered by the coolant (marked by
curly brackets). The enlargement of the cooled area is also
shown using streamlines in Figure 10(b). After exiting the
cavity, the coolant streamlines impinge onto the rotor SS at
the maximum camber point (MCP) indicated by a black
cross mark. The streamline topology indicates the presence
of secondary flow structures at this area. The cooling film is
strongly affected by secondary flows, which are shown in
Figure 10(c). Several secondary structures can be distin-
guished, including vortices with large structures and others
with small structures. The vortices of large structures in red
color are mentioned as the main secondary vortices and they
include the leakage vortex (LV), the passage vortex (PV)
and the corner vortex (CV). The vortices of small structures
are the horse-shoe vortex (HSV) in blue color near the rotor
LE and the sub-leakage vortex (SLV) in green color under
the legs of the LV. The LV is appeared near the rotor suction
side and it is formed due to the interaction between the
leakage flow and the mainstream. It is immediately twisted
as it approaches to the rotor due to its low momentum
compared to the mainstream momentum and to the high
camber shape on the rotor suction side. The SLV is the one
responsible of generating the red coolant streamlines shown



Figure 10 The aerothermal flow behavior at the endwall (a) the cooling effectiveness, (b) surface streamlines and (c) iso-surface of Q-criterion.
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in Figure 10(b). It is formed due to the interaction of the
leakage flow and the boundary layer of the blade platform
(endwall). It has a direct effect on the cooling film since it is
in a direct contact with the endwall. The increase of the PF
strengthens the SLV and augments its size which brings
more coolant and leads to a better effect of cooling. For the
first three PF (0.2%, 0.5% and 1.0%), the SLV impinges
onto the rotor SS and it collapses downstream the MCP
which extends slightly the cooling effect after this point.
However, in the highest PF case, the SLV is divided in two
structures upstream the MCP. One structure stays in contact
with the endwall till it collapses onto the MCP and the other
structure it lifts-off and joins the LV due to the very high
momentum. Furthermore, the HSV region doesn’t contain
any cooling effect and its length diminishes as the PF
Figure 11 Contours of the cooling eff
increases till it disappears at PF Z 1.5%. As previously
said, the increase of PF augments the size of the SLV and as
a consequence it narrows the presence region of the HSV
and then it suppresses it definitely.

Figure 11 illustrates contours of the cooling effectiveness
on the rotor SS for the various PF. At the rotor SS, the
overall levels of q provided by the leakage air are much
lower relative to the endwall levels. The high coolant con-
centration locates on the MCP at the junction between the
rotor SS and the endwall where the SLV collapses. After the
collision of the SLV, the remained momentum, with its
relatively cool mixture, contribute to the formation of the
PV. Then, the PV transports the remained relatively cool
mixture across the rotor SS since it is in a direct contact with
its surface. Note that the LV which contains the highest
ectiveness on the rotor suction side.



Figure 13 The local sealing effectiveness at different control planes
within the generic cavity.
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levels of the coolant doesn’t have any friction with the rotor
surface as will be shown in Sections 3.3 and 3.4. Moreover,
it can be seen that the increase of PF provides a higher effect
of cooling on the rotor SS and this is only valid for the three
PF of 0.2%, 0.5% and 1.0%. and not for the highest PF of
1.5%. This is because of the lift-off of the divided SLV
structure previously reported in Figure 10(c). The divided
structure joined the LV and only a small amount of the SLV
contributes to the formation of the PV and consequently to
the cooling of the rotor SS.

The maximum cooling effectiveness reached at both the
endwall and rotor SS for all PF are shown in Figure 12. At
each purge fraction, the maximum q at the endwall is much
higher than at the rotor SS with an absolute difference of
56.4%, 64.6%, 55.0% and 74.0% for the PF of 0.2%, 0.5%,
1.0% and 1.5% respectively. At the endwall, as the PF in-
creases, the maximum q increases by 40% from PF Z 0.2%
to PF Z 0.5% and 35% from PF Z 0.5% to PF Z 1.0%.
However, q reaches 1 for PF Z 1.0% and 1.5%. At the rotor
SS, as the PF increases, the maximum q increases by 26%
from PF Z 0.2% to PF Z 0.5%, 48.8% from PF Z 0.5% to
PF Z 1.0%. At the highest PF of 1.5%, the maximum q

decreases by 42% compared to the PF of 1.0% due to the
small amount of coolant that is in contact with the rotor
surface in this case.

3.2. Effects of the purge fractions on the sealing
effectiveness

Figure 13 shows contours of the sealing effectiveness hs
across the three control planes previously shown in
Figure 4. The first plane is located at the OSG and the
second plane is located at the MSG and the third plane is
located at the outlet of the inner wheel-space. The sealing
effectiveness is calculated as follows:

hsZ
TN � Ts

TN � TP
ð2Þ

where Ts is the local temperature at the control planes.
In general, the first control plane (CP1) is highly affected

by the interaction between the hot mainstream and the
purged air due to its location which is characterized by a
Figure 12 Maximum cooling effectiveness at the endwall and rotor
SS.
strong shear and heat transfer. The second and third control
planes (CP2 and CP3) are less affected by the later inter-
action. From the CP1, it can be seen that the PF of 1.5% is
the most effective one among the other PF. It is previously
said that the increase of the coolant mass flow leads to a
higher fluid momentum and consequently to lager K-H
vortices that resist effectively the ingress. It is important to
quantify the area covered by the maximum sealing effec-
tiveness to have an idea about the coolant to mixture ratio at
the control planes. The maximum hs covers 0.0%, 27.13%,
45.82% and 84.43% of the total area of the CP1. This in-
dicates that there is an amount of ingested flow present at
this plane for all the PF. From the CP2, it can be noticed that
the PF of 1.0% and 1.5% are the most effective among the
other PF with a maximum hs that covers 100% of the total
area of the CP2, whereas the PF of 0.2% and 0.5% have
0.0% and 82.82% coverage. From the CP3, it is clearly seen
that the PF from 0.5% to 1.5% have a coverage of 100%,
whereas the PF of 0.2% still have a zero coverage. Thus, the
PF of 0.2% contains only fluid mixture at the three control
planes. So, it is hard to quantify the overall sealing effec-
tiveness at the lowest PF using coolant to mixture ratio at
each control plane. Moreover, a replacement of the Ts in Eq.
(2) by an area-averaged value Ts;ave at each control plane is
judicious.

The results of the new averaged sealing effectiveness
formulation including the area-averaged temperature Ts;ave
are presented in Figure 14. The highest PF of 1.5% can be
Figure 14 The averaged sealing effectiveness for the different
control planes.
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seen to exhibit the best averaged hs for the control planes.
The averaged hs is 1 at CP2 and CP3 respectively, so, the
hot mainstream is not present at these locations. At CP1, the
averaged hs is equal to 0.96, so, there is a small amount of
ingested flow present at this plane. The PF of 1.0% can be
seen to exhibit the best averaged sealing effectiveness for
both CP2 and CP3 with hs Z 1, but for the CP1, the
averaged hs is 0.81. For the PF Z 0.5%, the best averaged
hs is at CP3 (hs Z 1), whereas at CP2 and CP1 it is equal to
0.93 and 0.6, respectively. The lowest PF of 0.2% can be
shown to exhibit the worst averaged sealing effectiveness
for CP1 and CP2. The averaged hs is equal to 0.88, 0.39 and
0.26 at CP3, CP2 and CP1, respectively. Thus, the generic
cavity reaches a good sealing performance only at the third
seal near CP3. Furthermore, one important information that
should be noticed also from Figure 14 is the growth rate of
the averaged hs from CP3 to CP1 at each PF. It represents
the absolute difference of the averaged hs between CP3 and
CP1 and takes the values of 70.45%, 40%, 19% and 4%
from the lowest to the highest PF respectively. This result
shows that the growth rate of hs becomes considerable as the
PF decreases and the third seal near CP3 prevents in a
successful way the ingress even at the lowest PF. Finally,
from the thermal design point of view, the best PF case is
the one with the highest sealing performance (PF Z 1.5%).
However, the aerodynamic design needs should be also
checked to see if the amount of losses that could be
generated using this PF is acceptable or not.

3.3. Effects of the purge fractions on the secondary
flows and losses

Figure 15 reveals all the secondary flows present in the
investigated rotor cascade which are visualized using the Q-
Figure 15 The secondary flows v
criterion. As previously mentioned in Section 3.1, various
secondary structures can be distinguished with different
sizes and shapes. These structures are described from up-
stream to downstream as the following: Kelvin-Helmholtz
structures (in yellow color) are present around the OSR
and they are developed due to the interaction between the
hot mainstream and the purged air. The velocity difference
between the two streams promotes the development of a
shear layer with a rolling up process and consequently
vortical rolling structures are generated. The SLV (in green
color) is extended from the cavity outlet to the rotor SS
region across the endwall. It is produced as a result of the
combination of the purge flow and the endwall boundary
layer under the effect of blade suction. The HSV (in blue
color) is formed in front of the rotor LE due to the
obstruction of flow by this later which results in a stagnation
line. The LV (in red color) is the largest secondary flow
among the others which comes out from the cavity near the
rotor SS as an egress. The LV has leg-structures which are
strongly affected by the purge flow rate. The low PF of 0.2%
features one leg, the PF of 0.5% exhibits two legs and the
PF of 1.0% and 1.5% feature three legs each. The increase
of the number of the leg-structures from the low to high PF
is due to the increase of the momentum of the cooling fluid.
The leg-structures phenomenon is also reported by Zhang
et al. [30]. After its exit from the cavity, the LV it is
immediately transported by the mainstream through the
rotor passage and swept downstream. The PV (in purple
color) is the second dominant flow structure after the LV.
For the cases of blade cascades without rim seal cavity, the
passage vortex originates from the momentum deficit of the
endwall boundary layer after meeting the rotor SS [24]. For
the present case with the generic cavity, the combined SLV
and endwall boundary experience a pitchwise adverse
isualized using the Q-criterion.



Figure 17 Contours of the losses induced by the dominant vortices.
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pressure gradient as they approach to the MCP. The low
momentum flow within this region starts to interact with the
boundary layer of the rotor SS and they roll up into a PV.
The last secondary flow is the CV (in cyan color) which is
formed at the junction of the rotor and endwall in both
suction and pressure sides. It is produced under the effect of
the transverse pressure gradient toward the endwall [31].
The SS-CV and PS-CV are joined downstream the rotor TE
to from a single structure at the PF of 0.2% and 0.5%, two
structures at PF Z 1.0% and 1.5%.

From one hand, it is interesting to see the strength of
each of the dominant vortices downstream the rotor.
Figure 16 illustrates the contours of the Q-criterion at (y-z)
plane downstream the rotor at 0.3Cx from the TE. Both the
LV and PV exhibit the highest rotational intensity compared
to the CV. The LV has the largest shape; the PV features a
double detached structures above and the CV become more
strength and separated as the PF increases. Note that the
dominant vortices are associated to a strong entrainment and
mixing effects that induce pressure losses. To investigate
these losses, total pressure ratio (TPR) contours are plotted
the same pervious plane in Figure 17. The TPR represents
the local total pressure normalized by the inlet total pressure
value. Near the endwall, areas of low pressure can be
observed due to the boundary layer. This later is connected
to the CV, where its low pressure levels are extended to the
vortex. The increase of the PF leads to lower pressure levels
within the CV which means more losses. Out of the end-
wall, the majority of the losses are related to the dominant
leakage and passage vortices. In addition, a wake occurs
downstream the rotor TE above the PV and contributes also
to pressure losses.

From the other hand, it is very important to quantify the
amount of pressure loss at each PF. The losses are expressed
as a coefficient relative to a baseline cascade configuration
without cavity (flat endwall), similar to Popovic and Hodson
[21]. The baseline loss coefficient is calculated as follows:

xbaselineZ
p01 � p02;mix
p01 � p2

ð3Þ
Figure 16 Contours of the Q-criterion showing the intensity of the
secondary vortices.
where p01 is the inlet total pressure of the hot mainstream
and p02;mix and p2 are the mixed-out total pressure and static
pressure downstream the rotor TE, respectively.

The generic rim seal loss coefficient is given by:

xpurgeZ
p01;eff � p02;mix

p01 � p2
ð4Þ

where P01;eff is the effective total pressure at the inlet and it
is given by:

p01;eff Z
_mNp01 þ _mPp0;cav

_mN þ _mP
ð5Þ

where p0;cav is the total pressure at the cavity inlet (see
Figure 4) and _mN and _mP are the mass flow rates of the
mainstream and purge flow, respectively.

Finally, the relative loss coefficient is:

xrelativeZ xpurge � xbaseline ð6Þ

Figure 18 shows the relative loss coefficient at each PF.
In general, the losses increase when the PF increases as
expected and this is due to the increase of the viscous effect
within the vortices and the higher friction near the endwall.
The evolution of the losses is non-linear. They increase from
the lowest PF to the next and so on by 17.85%, 10.82% and
Figure 18 Relative aerodynamic losses for the investigated purged
fractions.
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20.7% respectively. From the aerodynamic design point of
view, the best PF case is the one with the smallest losses
(PF Z 0.2%). However, this choice is confronted to the
thermal design needs to keep the wheel-space at acceptable
temperature, which is not reached with the PF of 0.2% for
the present study. Moreover, the final choice that will give a
compromise between the aerodynamic design and thermal
design needs will be discussed in the conclusion.

3.4. Effects of the purge fractions on the heat transfer
behavior

Figure 19 depicts the Nusselt number (Nu) distributions
on the rotor SS under the effects of the secondary flows for
all the PF. It shows also an iso-value (black line) of the Q-
criterion at three different axial chord locations (Cx Z 30%,
60% and 90%) to visualize the boundary layer thickness and
the secondary vortices. The Nusselt number is calculated as
follows:

NuZ
hCx

l
ð7Þ
Figure 19 Contours of Nusselt numbe
where h is the convective heat transfer coefficient and l is
the thermal conductivity of the fluid.

The heat transfer coefficient is derived from the near wall
heat flux qw equation as follows:

qwZhDTZr$cp$
u�

TþDT ð8Þ

where r and cp are the fluid density and heat capacity
respectively, u) is the velocity scale in the logarithmic re-
gion of the boundary layer and it represents the viscous term
and Tþ is the non-dimensional near-wall temperature and it
represents the thermal term. DT is the temperature differ-
ence between the wall and the fluid. The velocity u) is
proportional to a constant CmZ0:09 and the turbulent ki-
netic energy (TKE) k. The TKE is proportional to the shear
stress t and the turbulent viscosity mt. The temperature Tþ is
a function of Prandtl number Pr and a non-dimensional near
wall grid distance y). The full details of the formulations of
these quantities could be found in Ref. [32].

Around the midspan region (H Z 50%) and following
the streamwise direction, the boundary layer (BL) devel-
oped exhibits an increasing thickness. This behavior is due
to the turning of the rotor geometry. When the mainstream
r at the rotor SS for the different PF.



Figure 20 Contours of Nu at the endwall for the different PF.
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passes through the rotor, it accelerates from the LE to the
high camber region, where it reaches its maximum speed,
and during this, the production of the TKE increases under
the effect of the high flow shear leading to a thin BL.
Downstream the high camber region, the flow decelerates
and the dissipation of the TKE within the BL takes place
leading to a thick BL. The thin BL induces a high heat
transfer (a high Nu) and the thick BL induces a weak Nu.
The mechanism behind this, is that the thin BL contains a
high shear stress t which is proportional to the TKE in the
eddy-viscosity turbulence models (tZf ðkÞ so, high t gives
high k). Hence, the increase in the TKE affects directly the
viscous term u) in Eq. (8) to be much higher than the
thermal term Tþ and consequently it induces an increase in
h. Far from the midspan and towards the endwall, the Nu
forms high variation at different locations due to the pres-
ence of the secondary flows, similar to the findings of Shih
and Yang [1]. They reported that large local variations in
heat transfer often result from vortices of varying intensities
scouring the walls of the turbine passage. A very high heat
transfer starts from the high camber region (near the end-
wall) to downstream is induced by the LV. At this region the
rotor BL is considerably influenced by the LV that turned it
thinner. Not that the LV is not in a direct contact with the
rotor surface. The viscous energy transfer between the LV
and the BL promotes a very high shear stress and conse-
quently a very high Nu in this region. It is previously said
that the increase in PF flow rate results in higher momentum
within the LV and higher size. Consequently, the increase in
the LV momentum results in a higher heat transfer. Thus, as
the PF increases, the Nu increases near the LV region except
for the PF of 0.5%. It has the lowest value of the maximum
Nu among the other PF. Note that the maximum Nu at the
rotor SS is: Numax Z 970, 962, 1046 and 1053 for
PF Z 0.2%, 0.5%, 1.0% and 1.5%, respectively. The
decrease of the Numax at the PF of 0.5% is due to the dis-
tance between the LV and the BL which is relatively large
compared to other PF cases. A zoom near the LV region at
0.6Cx indicates this large distance (the double head blue
arrow) at PF Z 0.5% compared to a smaller distance at
PF Z 0.2%. Moreover, with this relatively large distance,
the BL is less influenced by the LV and the Nu levels are
slightly low compared to the Nu levels of the other PF cases.
A medium Nu streak is formed above the very high Nu
region and it is almost parallel to this later. The medium Nu
streak is induced by the PV that is merged with BL layer. At
this location, the BL is highly corrugated due to the mixing
process of the PV, which is in direct contact with the rotor
SS. The momentum within the PVand its size are lower than
in the LV ones. This promotes less viscous energy transfer
and consequently less heat transfer in this region.

Figure 20 shows the contours of Nu on the rotor endwall
for all the PF. The endwall exhibits large local variations in
Nusselt number similar to the rotor SS. The endwall could
be divided in regions with a very low heat transfer (very
weak Nu � 100) and regions of high Nu. The regions of the
very weak Nu are mainly located around the rotor PS region
and at the near rotor SS region in front of the cavity outlet
where the film cooling is present. In the first location, there
are no vortices scouring the endwall. However, in the sec-
ond location, the SLV is present and it is merged with the
endwall BL as previously reported. The SLV should have
caused a high heat transfer in this region, but it didn’t
happen. The reason is that this region is covered by the
cooling film which contributes to considerably increase the
thermal term Tþ of Eq. (8) to be much higher than the
viscous term u) and consequently it induces a drastic in-
crease in h. The regions of the high Nu are mainly located
around the rotor LE, the MCP and downstream near the
rotor SS. The LE region experiences high heat transfer
because of the roll-up of the horseshoe vortex, similar to
Song et al. [15,20]. The MCP region experiences much
higher heat transfer with Nu peaks due to the impinge of the
coolant onto the rotor SS and results a strong recirculation
(high flow shear). Note that Shih and Yang [1] mentioned
that the heat transfer and secondary flow phenomena in the
throat region (MCP) are complex and apparently depend on
incoming boundary layer thickness. The downstream area
near the rotor SS is composed also of high Nu. After the lift-
off of the LV, with its complex structure that evolves from
one to three legs as the PF increases, a new BL driven by the
cross-passage pressure gradient is formed. The new BL fed
on the remained shear flow of the LV. The heat transfer rates
in this region are slightly higher than those of the LE.

4. Conclusions

A computational investigation is conducted to investigate
a turbine rotor cascade with a generic rim seal cavity
inspired from a realistic turbofan engine. The flow behavior
and heat transfer characteristics within the cavity and across
the hot passage are analyzed in details. Calculations are
done for different coolant fractions and the ability of the
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cavity to prevent ingress of the hot mainstream gases is
assessed and the losses are quantified as well. The conclu-
sions from the discussed results are drawn as follow:

1) The cooling effectiveness is examined at two critical
locations within the cavity. The first location corresponds
to the maximum ingress and contains geometric and
shear vortices that resisted the ingress. The second
location corresponds to the maximum egress, where a
cooling film came out from the cavity and covered the
rotor endwall. The rotor surface is less affected by the
cooling film compared to the endwall.

2) The sealing effectiveness across three control planes inside
the cavity is assessed. The highest PF of 1.5% showed the
best averaged sealing effectiveness at all the considered
planes. However, the best sealing performance is reached at
the innerwheel-space plane byPFZ 0.5%, 1.0%and 1.5%.
The lowest PF of 0.2% exhibited the lowest sealing per-
formance at all the planes.

3) The secondary structures within the cascade are investi-
gated and they include: Kelvin-Helmholtz structures, sub-
leakage vortex, horse-shoe vortex, leakage vortex, pas-
sage vortex and corner vortex. The analysis revealed that the
secondary vortices are associated to a strong entrainment
and mixing effects that induce pressure losses. The losses
are increased when the PF is increased as expected and it
was due to the increase of the vortices intensity.

4) The heat transfer rates are investigated using the Nusselt
number distributions on both the rotor suction side and
endwall. The upper rotor surface featured a boundary
layer with an increased thickness in the streamwise di-
rection due to the rotor turning. Thin BL induced high Nu
and thick BL induced low Nu. The lower rotor surface
featured a BL strongly influenced by the leakage and
passage vortices that generated high levels of Nu.

As a general conclusion, an optimum purge flow rate
should be chosen among the investigated fractions. This
choice should respect a compromise between the aero-
dynamic and thermal design needs. Although the purged
flows should be typically minimized to reduce the penalties
on the engine performance, the minimum PF of 0.2% does
not prevent the ingress of the hot mainstream. An excess of
the supplied flow can prevent the ingestion effectively and
maintain the generic cavity at a cool temperature, but the
maximum PF of 1.5% generates unacceptable pressure
losses. In aero-engines design, the disk cavities are supplied
with extra margins of coolant to avoid probabilities of seals
deteriorations or other failure scenarios. Thus, in the present
study the PF of 1.0% is selected as an optimum choice since
it respects the extra margins design condition compared to
the PF of 0.5% and it has a tolerable level of losses.
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