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ABSTRACT

Three-dimensional ~ unsteady  computational  fluid
dynamics (CFD) is applied to the ingestion of fluid from a
non-uniform mainstream annulus flow via a rim-seal into a
rotor-stator wheel-space. The results provide understanding of
the complex flow and information for the development of more
efficient computational models and analytical ‘orifice models’.

The commercial CFD code CFX has been used to carry
out unsteady RANS computations with an SST turbulence
model. A scalar equation is employed to represent the seeded
tracer gas that can be used in experiments to determine sealing
effectiveness, and the variation of effectiveness with sealing
flow rate is determined for a simple axial clearance seal and
one combination of axial and rotational Reynolds numbers.
The computational domain comprises one pitch in a row of
stator vanes and rotor blades The rotating blade is accounted
for by a sliding interface between the stationary and rotating
sections of the model, located downstream of the seal
clearance.

The unsteady computations confirm that the magnitude of
the peak-to-trough pressure difference in the annulus is the
principal driving mechanism for ingestion (or ingress) into the
wheel-space. This pressure difference is used in orifice models
to predict sealing effectiveness; its magnitude however
depends on the locations in the annulus and the wheel-space
that are chosen for its evaluation as well as the sealing flow
rate. The CFD is used to investigate the appropriateness of the
locations that are often used to determine the pressure
difference. It is shown that maximum ingestion occurs when
the static pressure peak produced by the vane combines with
that produced by the blade, and that highly swirled ingrested
flow could contact both the stator and rotor disk when little
sealing flow is provided.

The relationships between the unsteady simulations and
simplified, more computationally efficient steady computations
are also investigated. For the system considered here, ingress

Dept of Mechanical Engineering
University of Bath
Bath, BA2 7AY
United Kingdom

is found to be dictated principally by the pressure distribution
caused by the vane. The effect of the rotating blade on the
pressure distribution in the annulus is investigated by
comparing the unsteady results with those for steady models
that do not involve a blade. It is found that the presence of the
blade increases the pressure asymmetry in the annulus.
Although the pressure asymmetry predicted by unsteady and
steady models have a similar magnitude, the sealing
effectiveness is  over-predicted considerably for the
corresponding steady model. If a “thin seal” geometric
approximation is used in the steady model, however, similar
effectiveness results compared with the unsteady model may
be obtained much more economically.

NOMENCLATURE

radius of seal

concentration

pressure coefficient [ = (p,— p> )/ (V> pQ°b7)
nondimensional flow rate (=m/ub)

minimum value of C,,, to prevent ingress
nondimensional sealing flow rate
seal-clearance ratio (=s./b)

mass flow rate
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P static pressure

p mean absolute static pressure over one vane pitch
r radius

Rey axial Reynolds number in annulus (=p Wb/u)

Rey rotational Reynolds number (=pQb”/x)

s axial gap between rotor and stator in wheel-space
Se axial seal clearance

t time

topp time for one blade passing period

u, friction velocity (=(,/p)")

U bulk mean radial velocity component of sealing air

through the seal clearance
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V,.V4  radial and tangential components of velocity

w axial velocity in annulus

y distance of near-wall node from wall surface
y+ nondimensional wall distance (=yu,0/1)

z axial distance to the stator wall

s swirl ratio (=V y42r)

Ap peak-to-trough pressure difference in annulus

(:p2,max 7p2,min)
& computed effectiveness (=(cs-c,)/(c,-ca))
D, nondimensional sealing parameter(=C,,,/2nG Re)
D,in value of @, when C,,,=C,,,.in

I empirical parameter in orifice model equation

U dynamic viscosity

0 normalized tangential coordinate between vanes

p density

ocp standard deviation in unsteady C, distribution
" wall shear stress

Q angular speed of rotating disc

Subscripts

a value in annulus

EI externally-induced (ingress)

max maximum

min minimum

o superposed (sealing) flow;

s value on stator

1,2 locations in wheel-space and annulus

1. INTRODUCTION

The minimum sealing air flow needed to prevent
overheating of the rotor-stator wheel-spaces in gas turbines is a
major concern today. Too much sealing air would reduce the
overall engine efficiency, which is harmful for carbon dioxide
emissions to the environment; too little air could lead to over-
heating and catastrophic failure. Therefore, it is important to
understand the mechanisms of annulus hot gas ingestion
(ingress) into the rotor-stator wheel-space to assist engine
designers in determining the best seal geometry for the
minimum use of sealing air.

This present work aims to improve understanding of the
fundamental physics of ingress using 3D unsteady
computational fluid dynamics (CFD). Results have also been
obtained using two different 3D steady computational models.
The study was carried out prior to an experimental
investigation, to be reported elsewhere [1, 2] and the computed
flow field information has been used to inform and interpret
the experiments.

Owen et al. [3] developed an ‘orifice model’, which was
used to predict the effectiveness, ¢, of rim seals. The model
provided implicit analytical solutions for both rotationally-
induced (RI) ingress, where the rotating flow in the wheel-
space created the dominant driving force for ingestion, and
externally-induced (EI) ingress, where the circumferential

pressure distribution in the annulus was the principal driving
force. For EI ingress, it was assumed that ingress occurred
where the pressure in the annulus was higher than that in the
wheel-space and egress occurred where it was lower.

In [3], the sealing flow parameter was defined as:

C

D, = M)
ZﬂGc Re¢

As both Re; and C,,, include the viscosity, which cancel in eq
(1), an alternative (though equivalent) definition for @, is:

U

O, =—
° b

2

where U is the bulk mean of the radial component of velocity
of sealing air through the seal clearance, i.e.:
m

2nwpbs, @

Eq (2) shows that @, is an inertial parameter.

Sangan et al. [2] give explicit solutions of the orifice
model, for both rotationally-induced and externally-induced
ingress, for the variation of & with @, . For EI ingress, which is
the subject of this paper, the ‘effectiveness equation’ is

D, &

= “)
Dt (1412 (1-223 )2

where @,,;, is the minimum value of @, for which the system is
sealed, i.e. so that ¢ =/ when C,,y= C,,;,- 1. is the ratio of
the discharge coefficients for ingress and egress in the orifice
model and is an empirical parameter. Figure 1 shows a typical
theoretical variation of & with @, according to eq (4), for a
case where @,,;, ;7 = 0.348 and 7,= 0.37 (Zhou et al. [4]

show the effect of varying /. as a parameter). As @,

c
increases, the sealing effectiveness increases until £ = / after
which no ingestion occurs.

The preliminary results of steady computations were also
presented in [3]. These computations utilised a “thin seal”
geometric approximation to create realistic levels of ingestion,
and the computed variation of & with @, was shown to be
consistent with the predictions from the orifice model. The
unsteady computations described in the present paper are an
extension of this work.

Owen et al. also gave an overview of findings from
previous computational studies, including those by Hills et al.
[5], Laskowski et al. [6], Rabs et al. [7], Johnson et al. [8],
Wang et al. [9], Zhou et al. [10], Lewis and Wilson [11] and
Mirzamoghadam et al. [12, 13]. Decisions on some of the
modelling approaches employed in the present work were
made taking these findings into consideration.
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Figure 1 Typical theoretical variation of sealing
effectiveness & with sealing flow parameter @, according to
eq (4)

More recent unsteady computations of ingestion have
been reported by O’Mahoney et al. [14] , Julien et al. [15] and
Dunn et al. [16]. Dunn et al. investigated the sensitivity of a
1/14™ sector model (incorporating four stator vanes and four
rotor blades and involving an overlapping radial seal) to two
different mesh distributions (having 1.1 and 2.1 million mesh
cells) and two different turbulence models (Spalart-Allmaras
and realizable k-¢). The results were used to argue that large
scale structures would contribute to ingestion, though it was
concluded that these were constrained by the 1/14™ sector used
for the computations and that further time iterations were also
required. Julien et al. [15] carried out unsteady ingress
computations for a 72 degree sector model, and found that
energetic large scale unsteady flow structures existed in the
wheel-space at smaller purge (sealing) flow rates that
augmented ingestion through pressure perturbations. These
effects were found to be inhibited by increasing the purge flow
rate. O’Mahoney et al. [14] used unsteady Reynolds-averaged
Navier-Stokes (URANS) computations and Large Eddy
Simulation (LES) to study rim seal ingestion for a chute seal
geometry. They compared computational results to previously
published experimental data and found that the LES results
gave better agreement for the prediction of the sealing
effectiveness than the URANS approach. However, the LES
approach required very large computational resources (512
CPUs for 14 days) for a section model only. As noted by Dunn
et al [16], this is too expensive currently for engineering
applications.

The effect of blades on ingestion was studied
experimentally by several research teams. Green et al. [17]
showed the blades to have a positive effect in reducing
ingestion. By contrast, Bohn et al. [18] found the opposite

effect, which was attributed to the increase of average static
pressure asymmetry in the annulus due to the presence of the
blades.

In the present paper, unsteady RANS computations are
carried out using the modified SST turbulence model by
Menter et al. [19]. Three different computational models have
been studied, two of which are steady models without a blade.
One of the steady models uses the seal with the actual radial
depth while the other uses the 'thin seal' approximation as
described by Owen et al. [3] and which is explained fully
below.

Computational models and convergence information are
given in section 2. Computed results for the annulus and the
wheel-space are presented and discussed in sections 3 and 4
respectively. Sealing effectiveness results are discussed in
section 5. Concluding remarks and prospects for future work
are given in section 6.

2. COMPUTATIONAL MODEL

The commercial software package CFX VI11.0 is
employed for this study. The geometry (not to scale) and
boundary conditions are illustrated in Figure 2(a). The model
(including the vane and blade geometries) is based on the
design of an experimental rig at the University of Bath
described by Sangan et al. [1]. The rig contains 32 stator vanes
and 41 rotor blades, however for simplicity a configuration of
32 vanes and 32 blades has been studied computationally.
Hence, an 11.25 degree sector model is considered, having one
vane and one blade in the mainstream annulus. The annulus
height is 10mm. The axial spacing between the vane trailing
edge and the blade leading edge is 12mm. An axial clearance
seal is located midway between the vane trailing edge and the
leading edge of the blade. The wheel-space gap between rotor
and stator is s = 20mm and the seal axial clearance is s, =
2mm. The wheel-space outer radius is b = 190mm. A compact
wheel-space is modeled, truncated using a stationary inner
shroud. This reduces computation times and helps focus the
study on the flow field in the vicinity of the seal.

ICEM CFX 11.0 was employed to generate hexahedral
meshes for both steady and unsteady models. Figure 2(b)
illustrates mesh details for the steady model; this model does
not involve a rotating blade and is the model described by
Owen et al. [3]. Figure 2(c) shows the relevant modifications
for the unsteady model. The rotating blade is a symmetric
NACA 0018 aerofoil, as used in the experimental rig (Sangan
et al. [1]) to avoid the need for an absorption dynamometer.
The unsteady model contains 2.2 million nodes and 2.1
hexahedral elements. Mesh independence checks were carried
out (in the range 1.37 million to 2.33 million nodes in total)
for the annulus pressure distribution downstream of the vane
trailing edge and for the radial distribution of effectiveness in
the wheel-space. The y+ values were less than 2 in the wheel-
space where the reference point for calculating the
effectiveness was taken, and y+,,, = 20 and 40 was observed
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in the vane and blade region respectively. The expansion ratio
between successive grid nodes was not greater than 1.2.

mass flow inlet  sliding interface static pressure outlet
*B V Y “
—) vane 1 | blad g
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stator ‘ rotor
stationary____ ! rotating _ _
domain | domain
rotati|||1g o 2/5=0. 5§ ?velocily inlet with swirl
wa

(a) Geometrical model (not to scale) and boundary
conditions

thin seal model
with vane
only

(b) steady computations

thick seal model
with vane
and blade

(c) unsteady computations

blade mesh

Figure 2. Computational model and mesh details

The unsteady RANS equations with the SST turbulence
model were solved in the computations. Upwinding was used
for the advection terms and the second order backward Euler
scheme was used for the transient calculations. The residual
target for unsteady simulations was that the normalized RMS
error for each conservation balance over the entire mesh fell to
less than 107,

The time step used was 2.3x107s, corresponding to 20
time steps for each blade passing period (bpp). The instant
when the rotor blade leading edge is aligned with the vane
trailing edge (in the axial direction) is taken as the starting
point for the transient data presentation, i.e #%, = 0.
Converged “frozen rotor” results were taken as the initial
values for the unsteady calculations. 32 computational cells
were used to resolve the vane passage in the tangential
direction.

A sliding interface is located 2mm downstream of the
axial clearance seal trailing edge for the exchange of
information between the stationary and the rotating frame.
(The location chosen for the interface was guided by
recommendations made by Mirzamoghadam et al. [10]). Mass
flow rates are prescribed at both the annulus inlet and the
superposed sealing flow inlet. The average gauge static
pressure is set to be zero at the outlet (an absolute static
pressure of 1 bar and ambient static temperature of 298 K was
used to calculate reference values for fluid properties). The
mass concentration of the tracer is 1 at the sealing flow inlet
and 0 and the annulus flow inlet. Cyclic symmetry conditions
are applied at the circumferential faces of the sector model.

The parameters used for the computations are shown in
Table 1. As shown in Figure 1, the values of @, chosen for the
unsteady computations correspond to sealing flow rates
expected to give rise to low, medium and high values of
sealing effectiveness.

Rey, | Re, | G. i, /i, Cyo D,
0.5% 1.44x10° | 0.022
10° | 8x10° | 0.01 2.5% 7.19x10° | 0.11
5% 1.44x10* | 0.22

Table 1 Conditions for the unsteady computations

A detailed description of a steady computational model
(having the same stator vane and wheel-space geometry as that
used here but with no blade, as shown in Figure 2(b)) was
given by Owen et al. [3]. This model employed a “thin seal”
geometric approximation as described above. Results from that
steady model are discussed in this paper, as well as steady flow
results obtained for a model having the true seal geometry (as
used in the unsteady model). The difference between the “thin
seal geometry” and the true seal geometry can be seen in
Figure 2 (b) and Figure 2(c). For convenience in this paper, the
steady model with the true seal geometry is referred to as the
“thick seal steady model”; the steady model with the thin seal
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approximation is termed the “thin seal steady model”. The
steady computations all converged to normalized residual
levels below 10,

s
=
==

----- monitor point 1
— monitor point 2
0 5 10 15 20
bpp

(a) Static pressure convergence history
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0.95\(./—” ,
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0.85F

— monitor point 2
0'80 50 100 150 200
bpp

(b) Effectiveness convergence history

Figure 3. convergence history for thick seal unsteady
model for @,=0.22
(monitor points 1 and 2 are shown in Figure 2(a))

As shown in Figure 3(a), for the unsteady model when
@, = 0.22, the chosen monitor values of static pressures in the
annulus and in the wheel-space (at the locations 1 and 2
respectively shown Figure 2(a)) become quasi-periodic in less
than 20 blade passing periods. This indicates that the flow
field converges in less than one rotor revolution. However, for
convergence of the sealing effectiveness at the monitor point 2
on the stator wall, more than 100 blade passing periods (3 full
rotor revolutions) are required, the time for convergence
depending on the initial conditions and the sealing flow rate.

The effectiveness was taken to be converged when the change
at the monitor point becomes relatively small (less than 0.2%
relative difference between the ensemble average value of the
last 10 bpps and that of the previous 10 bpps). An example of
the convergence history is shown in Figure 3(b). Each
unsteady computation required more than 216 hours to
converge using 8 x 2.8GHz CPUs in parallel, compared with
10 hours for each steady case (using the same resources).

3. COMPUTATIONS IN THE ANNULUS

The locations at which static pressure can be measured in
experiments are normally limited. Two such representative
locations are chosen here to present the time averaged results
of computations. One is on the stator hub half way between the
vane trailing edge and the stator-side edge of the seal
(Location A). The other is on the annulus wall radially outward
of the axial centre of the seal clearance (Location B).
Locations A and B are illustrated in Figure 2(a).

Figure 4 (a) and (b) show the computed circumferential
distribution of time average static pressure in one vane pitch
for the unsteady model over one blade passing period, at
locations A and B respectively for the three different values of
@). (The values of & shown in Fig 4 correspond to the
results of the unsteady computations and are discussed in
section 5.) The figures show that the effect of increasing
sealing flow is to reduce the maximum value and the
magnitude of the variation of the annulus pressure distribution.
This is consistent with findings reported by Bohn et al. [20].
The peak-to-trough pressure at location B is approximately
two thirds of that at location A; however, the circumferential
locations of the maximum and minimum pressure values at the
two locations are nearly the same. Similar trends are observed
for the steady results. These results suggest that, except for the
smaller magnitude of the asymmetry at location B,
circumferential pressure distributions measured either on the
stator platform or on the annulus wall above the seal clearance
in an experiment will give a similar indication of the signature
pressure variations contributing to ingestion.

Figure 5 shows the comparison between circumferential
distributions of non-dimensional static pressure at location A
for all three models at @,= 0.22. This high sealing flow rate
case was chosen as this identifies most clearly the causes of
ingestion. The result for the unsteady model is the time
average value over one blade passing period; the magnitude of
the standard deviation o, about this time average is also
illustrated. The magnitude of o, indicates the size of the
pressure fluctuations in the unsteady computations. These
fluctuations create ingestion that is additional to that created
by the time-average distribution of pressure.

Similar time-average static pressure distributions are
predicted by all the models. The unsteady computation gives
rise to a greater average peak-to-trough variation compared
with the steady results, due to the unsteady pressure produced
by the blade. The thin seal approximation has little impact on
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the computed steady flow pressure distribution. The pressure
peak location in all three results is close to the vane trailing
edge location although biased toward the pressure surface. The
general agreement between the time-averaged unsteady and
steady results shows that the time-averaged static pressure
distribution at this location is due mainly to the flow field
caused by the vane.

Figure 6(a) shows contours of static pressure for the thin
seal steady model at 5% radial height of the annulus above the
stator hub. (There was little difference in the static pressures
and radial velocities near the seal gap between the two steady
models.) The radial velocity distribution at the outer radius of
the seal clearance is also shown.
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(b) location B: annulus wall radially outward of the
seal clearance axial centre (z/s = (.5)

Figure 4. Computed time average circumferential
distributions of static pressure for the unsteady
computations
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Figure 5. Computed circumferential distribution of static
pressure at location A for three different models, @,=0.22

Red contours in the seal clearance region indicates ingress
(V. < 0), while blue represents areas with egress (V. > 0).
For the pressure contours, red represents higher pressure and
blue represents lower pressure. The figure shows that ingestion
occurs first where the static pressure is relatively high, and
persists in the direction of the swirl. The flow from the wheel-
space tends to impinge on the annulus flow at relatively low
pressure regions. The ingested fluid is drawn from the region
immediately upstream of the seal clearance, and ingestion is
driven initially by the relatively high pressure in this region.
These observations are consistent with the assumptions made
in the orifice model [3] that the principal driver for EI ingress
is the circumferential distribution of pressure in the annulus.

Figure 6(b) and (c¢) show corresponding results at two
different instants (hence two different locations of the blade
relative to the vane) for the unsteady computation. The
direction of rotation of the disc is indicated in the figures.
Again the system is nearly sealed at @,= 0.22. As the annulus
pressures change with time, two extreme instants are shown.
Figure 6(b), for the instant at #/%,, = 0.05, shows that
maximum ingestion occurs when the pressure peak due to the
vane interacts with that produced by the rotating blade. Figure
6(c), for #/t;,,= 0.55, shows that when the vane pressure peak
is counteracted by the blade pressure trough only two very
small regions of inward flow in the seal clearance region can
be identified. This accords with the two high pressure regions
produced by the vane and the blade.

Both the steady and the unsteady computations show that
inflow and outflow at the seal clearance follows the
circumferential pressure variation in the annulus. However, it
is shown below that the flow entering the seal clearance from
the annulus is not necessarily ingested into the wheel-space.
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Figure 6. Line contours of static pressure in the z-6 plane
at 5% annulus height and radial velocity contours in the
seal clearance (red - inward radial velocity, blue - outward
radial velocity) for @,=0.22
(t/typp= 0 is defined as the instant when the blade leading
edge is aligned with vane trailing edge in the axial
direction)

4. COMPUTATIONS IN THE WHEEL-SPACE

Figure 7 shows computed streamlines and contours of
effectiveness for the thick seal steady model in the r-6 plane at
the middle axial plane of the seal clearance (z/s = 0.5 for the
rotor-stator wheel-space) for @, = 0.022, (The direction of
rotation of the disc is indicated on the figures.) This low
sealing flow rate case was chosen as the computed
effectiveness results can be more clearly distinguished for the
three different models. The streamlines show that flow from
the annulus enters the seal region for 0.5 < 6 < 1 approx. but
that, rather than entering the wheel-space, flow is subsequently
radially outward in the direction of rotation (0 < 6 < 0.5). A
recirculation within the seal in this steady model computation
prevents the annulus flow entering the wheel-space (see Lewis
and Wilson [11] and Bohn et al. [21]). As a consequence, even
at this low sealing flow rate, the contours of computed
effectiveness in the wheel-space show values to be close to
unity, indicating that very little ingestion occurs.

Figure 8 shows the streamline and -effectiveness
contours at the same sealing flow rate @,= 0.022 for the thin
seal steady model. Annulus flow is again drawn in to the seal
region as for the thick seal model. However, since the radial
thickness of the seal is reduced almost to zero in the thin seal
approximation, the fluid enters the wheel-space as it flows in
the direction of rotation. The thin seal approximation allows
ingestion to occur by inhibiting the formation of the
recirculation within the seal. Values of effectiveness over
much of the wheel-space (at this circumferential location) are
around 0.3, due to strong mixing between the ingested flow
and the sealing flow. This mixing is augmented by the rotor-
stator recirculation in the wheel-space.

Figure 9 (a), (b), (d) and (e) show further computed
streamlines and contours of effectiveness at two
circumferential planes (6 = 0 and 6 = 0.5) for the thin seal
steady model for this low sealing flow rate case. It can be seen
that, at both locations, fluid ingested from the annulus mixes
with the flow on both the rotor and stator sides of the wheel-
space. Since the swirl ratio () of the ingested flow is greater
than 1, the ingested fluid would be expected to travel radially
inward on both the rotor and stator surfaces, see Owen and
Rogers [22]. The dashed line in the figures shows the
approximation location where f = 1. The lower values of
effectiveness toward the rotor side suggest that ingested fluid
is drawn mainly into the rotor-side recirculation shown in the
streamlines. Figure 9(c) and (f) shows time average contours
of effectiveness in the r-z plane for the thick seal unsteady
model at 6 =0 and 6 = 0.5 respectively. It can be seen that
the unsteady thick seal model gives higher predicted
effectiveness (less ingestion) than the thin seal steady model.
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Figure 7. Computed results in the r-0 plane at z/s = 0.5
(axial centre plane of the seal clearance)
for @,=0.022, thick seal steady model

Figure 10 shows instantaneous computed contours of
effectiveness in the r-0 plane at z/s = 0.5 for the unsteady
computation, once again for @, = 0.022. Compared with the
thick seal steady model result shown in Fig. 7(b), there is a
more coherent and more localized recirculation within the seal
that brings annulus flow into the wheel-space progressively
over one blade passing period. In addition to this advection
into the wheel-space, there is turbulent mixing between the
annulus flow and the sealing flow in the vicinity of the seal.

Figure 11 (a-c) shows computed time average
effectiveness contours at the low, medium and high values of
@, respectively for the unsteady computations. As @,
increases, the overall effectiveness in the wheel space is
increased. There is qualitative agreement between Fig 11(a)
and Figure 7(b) for the location of regions of most ingestion
into the seal region for @, = 0.022, although the amount of
ingestion into the wheel-space is different. Much more
ingestion into the wheel-space occurs for the thin seal steady
model for this case (Figure 8(b)).

€
1
\
——
[——- = —Z\
E— seal
] location
0 Q
S—
(a) streamlines
seal
location

Q
S—
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Figure 8. Computed results in the r-0 plane at z/s = 0.5
(axial centre plane of the seal clearance)
for @,=0.022, thin seal steady model

5 SEALING EFFECTIVENESS

The computed variation of effectiveness in the wheel-
space (at the monitor location 2 shown in Figure 2a) with @, is
shown in Figure 12. The more well-defined recirculation in the
seal clearance predicted by the unsteady computations
encourages ingestion and its further penetration into the wheel-
space. This gives rise to lower levels of effectiveness than for
the thick seal steady model, which produces very little
ingestion even at very small sealing flow rates. On the other
hand, the results for the steady model with the thin seal
approximation show similar trends (for @, > 0.1) to those for
the unsteady simulations. Note that for the single vane pitch
model used here, the unsteady large scale structures that occur
in the wheel-space [23] at low sealing flow rate are not likely
to be predicted correctly.

Also shown in Figure 12 is the theoretical curve obtained
from eq (4). The curve was fitted to the computed values
obtained from the thin-seal model using the statistical
technique of Zhou et al. [4], the values of @,,, and /", being

0.348 and 0.37 respectively.
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effectiveness contours in r-z planes @ = 0 and 8 = 0.5 for
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Figure 10. Computed instantaneous contours of
effectiveness in the r-6 plane at z/s = 0.5 for the unsteady
model for @, = 0.022
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Figure 11. Computed time-average contours of
effectiveness in the r-6 plane at z/s = 0.5 for the unsteady
model (a) @, = 0.022, (b) &, = 0.11, (c) D, = 0.22

Despite differences in the mixing predicted by the
unsteady simulations and the thin seal steady computations, the
latter gives comparable effectiveness results to the former (and
a broadly similar estimate for @,,,, the minimum value of
the sealing flow rate parameter required to prevent ingress)
while requiring less than 1/20™ of the computing time.
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Figure 12. Variation of computed effectiveness with @, for
three different models (the effectiveness is calculated at
monitor point 2 in the wheel-space as shown in Figure 2(a))

6. CONCLUSIONS

Unsteady 3D computations have been carried out to
investigate the mechanisms of ingestion through an axial
clearance turbine rim seal. The influence of unsteady effects in
the mainstream annulus have been studied by comparing
results with those obtained using simplified steady models.
The main findings are summarized below:

e The presence of the blade augments the computed time-
average static pressure asymmetry in the annulus caused
by the stator vane, though the effects are small.

e As assumed in the orifice model for externally-induced
ingress, ingress occurs where the pressure in the annulus
is higher than that in the wheel-space and egress occurs
where it is lower.

e For the thick seal, unsteady computations predict more
ingestion than the corresponding steady computations.
This greater exchange of fluid is due mainly to a more
well-defined recirculation in the seal clearance region.
The region of greatest ingestion follows the
circumferential movement of the rotating blade.

e For the thin seal model, the steady computations produce
higher levels of ingestion than the thick seal unsteady
computations at the larger flow rates.

e The effectiveness equation derived from the orifice
model provides a good fit to the effectiveness values
computed using the thin-seal model.

e The thin seal results are comparable to those for the
unsteady computations while requiring only around
1/20™ of the computing time. The thin-seal model might
therefore be useful for preliminary design.

e For low sealing flow rates, high swirl ingested fluid is
drawn toward the rotor surface. As this would be hot
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mainstream gas in an engine, this could have serious
consequences in practice.

e For the single vane pitch model used here, the unsteady
large scale structures that occur in the wheel-space at
low sealing flow rate are not likely to be predicted
correctly

Future work at the University of Bath will concentrate on
further validation by comparing results from the models with
experimental results now being obtained. The CFD simulations
will then be applied to more practically-relevant seal
geometries and operating conditions.
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