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ABSTRACT

In a gas turbine, ingestion of hot gas into the high-pressure turbine
disc cavities could cause metal overheat. To prevent this, cool air is
taken from the compressor and ejected through the cavities.
However, this sealing flow also reduces the overall efficiency, and a
compromise has to be found between the level of ingestion tolerated
and the losses. Recent advances made in applying Computational
Fluid Dynamics to such configurations are presented, with the aim of
better understanding the physical phenomena and providing reliable
design tools. First, results showing the pumping effect of the rotating
disc are presented, including the influence of flow instabilities
observed in both computational and experimental results. Second,
the influence of the main annulus pressure asymmetries are analysed
on a simplified representation of an available experiment, showing
the combined influence of asymmetries generated by vanes and
struts. Finally, a rim seal geometry representative of aero-engine
design is studied in comparison to experiment, exhibiting the cou-
pled influence of the cavity instabilities and annulus asymmetries.
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axial seal clearance
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Greek symbols

€ turbulent dissipation

[0} sealing effectiveness

K non-dimensional cavity pressure
K= (P cav £ min)/ (P max P, min)

n dynamic viscosity

p density

Q rotational velocity

7 mass flow ratio through the rim seal
(estimate of 0)

Symbols

q time average value of fluctuating quantity ¢

Ag amplitude of fluctuating quantity ¢

Abbreviations

CFD computational fluid dynamics
NGVs nozzle guide vanes

oC operating condition

RANS Reynolds averaged Navier-Stokes
2D/3D two/three-dimensional

1.0 INTRODUCTION

The improvement of turbomachinery efficiency over the past
decades has been accompanied by an increase of the temperature at
the outlet of the combustion chamber. Pressure to further improve
efficiency and component life ensures continuing interest in ther-
mal behaviour and cooling of turbine components. The present
paper is concerned with the metal overheat that can result from the
ingestion of the main annulus gas into the disc cavities located
between consecutive stationary and rotating turbine blade rows. A
common way to counter this effect is to take cool air from the com-
pressor and eject it through the cavities into the turbine main annu-
lus. However, this coolant flow is lost from the thermodynamic
cycle and may also cause spoiling losses as it re-enters in the main
gas path. Consequently, the coolant mass-flow has to be limited,
finding a compromise between the level of ingestion tolerated and
the loss of efficiency.

A first insight into the complex flow field generated between the
cavity and the main annulus can be obtained by referring to different
complementary studies. First, the flow inside the cavity is influenced
by the rotor disc located on one side. As formulated by Von
Karman(, a disc that rotates in a fluid medium imposes its rotation
to the surrounding fluid and the resulting centrifugal force conveys
the flow outward. This is called the pumping effect. Later,
Batchelor® extended the study to a rotor-stator system. In this case,
a rotating disc and a static disc are positioned face to face, delineat-
ing a cavity similar to that in a turbine. The pumping effect remains
on the rotor, and fluid is driven inward on the stator face to feed the
rotor boundary layer. Transition to turbulence is controlled by the
rotational Reynolds number Reg and is governed by two types of
instabilities (referred as Type I and Type II). However, instabilities
are likely to occur even in the turbulent regime, as reported for
example by Serre et al® at Reg = 3 x 105. If the gap is wide enough
and the cavity shrouded to prevent ingestion, a rotating core is gen-
erated between the two disc boundary layers. The core velocity is
about 0-30Q if the flow is laminar, and 0-43Q if turbulent.

A further feature of turbines is the injection of cool fluid through
holes at the inner part of the cavity. This feeds the rotor boundary
layer, and reduces the flow driven from the periphery by the stator.
Owen and Rogers® studied the reduction of the core velocity and
associated radial pressure gradient, as the level of feeding mass-
flow is increased.
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The flow field between the cavity and the main passage is also
influenced by the pressure asymmetries inside the main annulus (i.e.
non-axisymmetries), which drive the gas from the high-pressure
zones to the lower ones. Phadke and Owen(® discussed this effect
and defined two different regimes:

® arotation-dominated regime at small values of Re,/Reg;

® an external flow-dominated regime at large values of Re/Reg,
where the ingestion becomes independent of Rey and propor-
tional to Re,

In the experiment of Phadke and Owen, the transition to the second
regime is related to the growing influence of the inherent circumfer-
ential pressure asymmetries. In a gas turbine, pressure asymmetries
are various, coming for example from the combustion chamber or
the preceding blade rows.

Finally, the geometry of the rim seal at the outer part of the cavity
has a strong influence, providing the turbomachinery designer with
the possibility of reducing the hot gas ingestion and consequently the
necessary amount of cooling air. Phadke and Owen(® studied the
performance of seven different rim seal geometries without external
flow. The most efficient geometries are those having a stator rim
overlapping the rotor disc at the outlet of the cavity, which creates
flow conditions countering ingestion. Also, the division of the cavity
into different sections, separated by inner seals, helps protect the
inner sections from hot gases by damping the pressure asymmetries.
These design features are common in gas turbines, but published
studies are mainly concerned with basic axial rim seals and single
sectioned cavities.

From the empirical database, some predictive models have been
developed to evaluate the level of ingestion inside the cavity. For
the rotationally dominated regime, Bayley and Owen(”) worked on
an experimental rig incorporating a stationary shroud with a simple
axial seal. They obtained the following correlation for the mini-
mum value of the coolant flow rate parameter Cw,min required to
prevent ingestion:

C

w,min

=0-61G, Re, RG))

Later, Chew(®) combined the momentum integral equations for cavity
flows with a simple seal model, and obtained:

C

w,min = 21t ksenl GCRCO (I/d%)r ) “ v (2)
hub

where £, is an empirical constant function of the rim seal design
and 7, a mixed out radial velocity for the near wall flow at the
outer radius of the cavity.

For the external flow-dominated regime, predictive methods have
been developed using an orifice model. Recently, Scanlon et al.®)
proposed the following formulation for the outward and inward
mass-flows (cf. Appendix for a description of m,, and m,,,):
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where Cj, is the discharge coefficient of the rim seal, 4,,, the gap
area, P_,, is a characteristic pressure inside the cavity, [P,,;,; Ppal 1S
the outer annulus pressure variation range, and k = (P, — P,,i)/ (P pax
=F min)~
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The design improvement of gas turbines now requires the repre-
sentation of the complex unsteéady flow physics. The present paper
focuses on the study of such effects, and their simulation by CFD.
Computations are presented in comparison to available experimen-
tal data in order to assess the numerical capacities and require-
ments. In particular, comparisons are made with measurements of
two parameters:

(i) The sealing effectiveness.

On an experimental rig, tracer gas may be supplied at the coolant
inlet with a concentration C,,,;. If the main annulus inlet concentra-
tion is C_, then the sealing effectiveness at a given point inside the
cavity is defined by:

E-0
=c _c )

cool oo

where C is the tracer gas concentration at this point. The lower the
value of ¢, the stronger is ingestion of main annulus flow down to
this point inside the cavity.

In computations, tracer gas may be represented by a passive
scalar, and ¢ is calculated as above. Where the passive scalar option
is not available, the mass flow ratio through the rim seal (y) is used
below to indicate the degree of ingestion, as described in the
Appendix. In simple models, other workers sometimes assume that ¢
and y are equal, but this is not necessarily true.

(ii) The pressure coefficient inside the cavity.

The ingestion of main annulus flow tends to modify the level of
swirl inside the cavity, which has a direct influence on the radial
pressure gradient. For example, if the main annulus flow is charac-
terized by a higher swirl than the cavity flow, ingestion increases the
swirl inside the cavity and makes the radial pressure gradient
steeper. This is generally the case when the rim seal is located down-
stream of turbine guide vanes.

The study of the unsteady aspects and their representation by CFD
will be carried out on three different rigs (A, B, and C), at different
operating conditions. In Section 2, the pumping effect is addressed
on simplified geometries (rig A at low cross flow, and rig B), with
particular attention to the occurrence of instabilities. In Section 3,
the influence of the main passage pressure asymmetries is consid-
ered on rig A at high cross flow, varying the amplitude and the peri-
odicity of the perturbation to represent different origins (stator
vanes, struts). In Section 4, a geometry representative of a gas-tur-
bine is studied (rig C), which combines the preceding effects.
Finally, conclusions are drawn in Section 5.

2.0 DISC PUMPING EFFECTS

2.1 Rig A (low cross flow)

This section presents a numerical study on the pumping effect. The
configuration chosen partly represents a turbine facility studied at
the University of Sussex by Gentilhomme et a/.(10.11), based on the
Gnome H1200 Power Turbine Module (helicopter engine). For this
study, the rotor speed is Q = 1,000rad/s and the rotational Reynolds
number Rey = 1:6 x 106. Because only the pumping effect is
addressed, the computed geometry is simplified: the model does not
include Nozzle Guide Vanes (NGVs) or blades. As shown in Fig. 1,
the computational domain consists of a short main annulus and a
cavity, with an axial rim seal.

The computations are carried out using FLUENT(2), a commer-
cial CFD code solving the RANS equations. The 2D grid includes
5,800 grid points, refined in the near-wall region (cf. Fig. 1). It is
extended in the circumferential direction to obtain the 3D grid over a
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Figure 1. [rig A] Lateral view of the axisymmetric computational
domain, and, (bottom) close-up view of the mesh around the rim seal.
The main annulus height is 0-0252m, and the domain extends over
0:060m in the axial direction. The cavity height is 0-058m (between
the bottom and the main annulus hub radius), and the axial width is
0-01m. The rim seal clearance is 0-002m.

90 deg sector, with around 10¢ grid points. The turbulence is mod-
elled using a k-€ model with enhanced wall treatment. In the near
wall region, if the mesh is fine enough (y + < 5), the viscous sub-
layer is resolved directly by the one-equation model of Wolfstein(13).
Otherwise, standard wall functions(2) are used.

A purely axial velocity is specified at the inlet of the annulus (V, =
10ms-1), and the exit is considered as a simple ‘outflow’, assuming a
zero normal gradient for all flow variables except pressure. The
coolant air enters through the bottom right of the cavity via a fixed
‘mass flow inlet’ condition. No-slip condition on walls and periodic
conditions (in the 3D simulations) are used to complete the boundary
settings. Steady 2D axi-symmetric, and then 3D unsteady calcula-
tions assuming circumferential periodicity on a 90deg sector, are
carried out for a range of coolant mass flows. Convergence of the
solution is checked through satisfying residuals, overall mass bal-
ance (error: <10-1% of the inlet mass flow), and overall angular
momentum balance (error lower to 1% of representative wall
moments for 2D computations, and up to 15% in 3D computations).

The present computations consider a very low cross-flow passing
through the annulus. Although this particular configuration is not
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included in Gentilhomme’s experiments, the empirical correlation of
Bayley and Owen( (cf. introduction, Equation (1)) can be used. In
absence of external flow, Chew(® established a formula linking the
sealing effectiveness ¢ to C,, that is in good agreement with experi-
mental data for high values of 7/,

c,
= 08C +02¢ )

wnin

where C,,,;, represents the minimum amount of coolant flow neces-
sary to seal the cavity. This correlation is compared to the computa-
tional estimate of ¢ calculated using a passive scalar feeding at the
coolant inlet (C,,,; = 0-01).

Figure 2 shows the sealing effectiveness ¢ at 1/, = 0-95 on the
stator disc, against the non-dimensional coolant mass flow C,. First,
the 2D computations underestimate ingestion (i.e. higher value of ¢).
But 3D computations are close to the correlation even though the
geometry and boundary conditions are axi-symmetric. This leads to
consideration of possible natural asymmetries generated by the flow.
This is investigated by Fig. 3, which shows the instantaneous con-
centration of tracer gas on the surface defined by » = r,,, for the 3D
solution. Lobes are observed above the rim seal: high concentration
zones correspond to ejection of coolant gas (C,,,, = 0-01), and low
concentration zones correspond to ingestion of main annulus gas (C..
= 0). The flow exhibits 56 lobes for the whole circumference, which
rotate at about 3% of the disc speed in the stationary frame of refer-
ence. This is calculated by monitoring the unsteady pressure at sev-
eral positions on the seal and its surroundings. The oscillations of
highest amplitude are obtained inside the seal.

Increasing the annulus mass flow results in a higher influence of
the annulus flow and the suppression of the instability. This is the
configuration studied in Section 3, which addresses the regime dom-
inated by annulus pressure asymmetries.

2.2 RigB

Circumferential patterns have also been computed and confirmed
experimentally by Cao et al('4) on another rig, at industrial operating
conditions (strong main annulus mass flow). The geometry consid-
ered by these workers (here named rig B) is shown in Fig. 4. It is a
simplified representation of the 2nd stage disc cavity of a two-stage
axial turbine rig operated by Alstom Power. This seal geometry is
more typical of a steam turbine than a gas turbine, but is of interest
for the similar unsteady effects observed to those at rig A and for the
direct experimental verification.

The operating condition for this study corresponds to Reg= 6 x
106. The main annulus inlet Mach number is 0-56 and the swirl angle
A = 78deg. Coolant flow level is characterised by C,, = 5,867, corre-
sponding to V,/V, = 0-06 for the 2mm gap, and V,/V, = 0-03 for the
4mm gap. In the external flow dominated regime referred to in the
introduction, the parameter V,/V, is the most representative of
coolant flow rate (for example, the experimental data obtained by
Gentilhomme et a/(10. 1D tend to merge when plotted against V,/V.).
The FLUENT(2) CFD solver is used again, solving unsteady incom-
pressible RANS equations with the standard 4-€ turbulence model (+
wall functions) and the SIMPLE pressure correction algorithm. The
spatial discretization uses a 2nd order upwind scheme, and the time
step corresponds to 0-0064 of a disc revolution (implicit, second
order temporal scheme). Concerning the boundary conditions, total
pressure and tangential velocity are imposed at the annulus inlet,
extracted from a throughflow calculation for the turbine. Static pres-
sure is imposed at the outlet, with a radial equilibrium condition. A
mass flow condition applies at the coolant inlet and no-slip condi-
tions on the walls.

A lateral view of the computational domain is presented in Fig. 4.
The mesh is swept in the circumferential direction to create axi-sym-
metric 90deg and 360deg sector grids (0-66 x 106 and 2-45 x 106

https://doi.org/10.1017/5000192400070042X Published online by Cambridge University Press

Auvcust 2005

1 ’. *—0—
/ X
0.8 -
0.6
¢ X

0.4 4 -®- Correlation
- - 2D axisymmetric

’ . 3D unsteady

0- ; , ,

0 5000 10 000 15 000 20 000

o

Figure 2. [rig A] Sealing effectiveness ¢ at i/, = 0-95 against the
non-dimensional coolant mass flow C,,, for a low annulus mass flow:
V, = 10ms-1. No asymmetry is enforced in the computations.

0.005

0

Figure 3. [rig A] Computed tracer gas concentration on the annulus
hub at C,, = 1,520, for a low annulus mass flow (V, = 10ms-1). The
main annulus hub (stator hub + rotor hub) is shown in perspective
from the top, and the arrow represents the main flow direction in the
annulus. The grid covers 90deg in the circumferential direction, and
no asymmetry is enforced.

points respectively). Balance holes are represented in the rotor face

in some non-axi-symmetric grids, but the net sealing mass flow

through the rim seal is kept equal to the cases without balance holes.
Figure 5 shows the pressure coefficient inside the cavity:

P- (r/rp =1)

C, =l
"TTR-R @

where P, ) is the static pressure in the seal, and Py, and P; are
the total and static pressure at the main annulus inlet (P, — P, is the
dynamic head). For the 2mm axial clearance calculations, the exper-
imental and computational results are close to the solution for a
forced vortex rotating at 0-5Q. This is consistent with the classic
sealed rotor-stator case for which a core rotating at about 0-43€. is
expected. For the 4mm clearance, the slope is steeper, correspond-
ing in the outer part of the cavity to the solution of a forced vortex
rotating at Q. This must be due to the ingestion of high swirl flow
from the main annulus. The best CFD results for the larger gap are
obtained using the 360deg sector grid with balance holes, but all the
computations are in reasonable agreement with the measurements.
This is despite the neglect of the stationary and rotating blades in
the CFD models.

Figure 6 shows instantaneous radial velocity and pressure con-
tours, on an x-plane at 0-529mm before the rotor disc, for the 4mm
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Figure 4. [rig B] Lateral view of the computational domain, and
(bottom) close-up view of the mesh around the rim seal. The main
annulus height is 0-033m, and the domain extends over 0:120m in the
axial direction. The cavity height is 0-115m (between the bottom and
the main annulus hub radius), and two rim seal widths have been
tested: 0-002m and 0-004m (here the latter is represented).

gap, 360deg axisymmetric grid CFD solution. It appears that the
steady axi-symmetric flow that would be obtained in a 2D computa-
tion is unstable. A lobed flow pattern develops around the circumfer-
ence, rotating at a slightly lower velocity than the rotor disc. The
90deg grid case also gives a lobed flow pattern with a similar length
scale, but the structure is modified by the periodic condition. With
the smaller gap of 2mm, the length scale and the amplitude of these
lobes are reduced. Note that, as for rig A, these rotating flow patterns
occur despite the geometry and boundary conditions being axi-sym-
metric. Experiments carried out later with fast response pressure
transducers confirm those numerical results, presenting fluctuations
with an amplitude AP = 2,500Pa, and a frequency of about 700Hz, as
in the computations. Further details are given by Cao ef al(14.

3.0 ANNULUS PRESSURE ASYMMETRY
EFFECTS (RIG A, HIGH CROSS FLOW)

The results presented in this section correspond again to rig A. The
numerical configuration is the same, but the annulus flow is
increased to ¥, = 100ms-!, and an inlet swirl angle 4 = 70deg is
imposed (except for the first 2D computation). The operating condi-
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Figure 5. [rig B] Pressure coefficient on the cavity stator disc.
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Figure 6. [rig B] Instantaneous radial velocity, and pressure, for the
4mm gap, 360deg axisymmetric grid, on an x-plane located 0-529mm
before the rotor disc. No asymmetry is enforced in the computation.

tion of the computations (Reg = 1-6 x 10°) lies between two experi-
mental operating conditions ( Reg = 9:04 x 105 for OC2 and Rey =
2-83 x 106 for OC1). Again, the computations are carried out with
FLUENT(2), The residuals are checked for convergence, the mass
balance error is <10-5% of the inlet mass flow, and the angular
momentum balance error is negligible compared to the momentum
fluxes in the main annulus.

In Fig. 7, the sealing effectiveness ¢ at 7/r,, = 0-95 on the stator
disc is plotted against the ratio V,/V,, for different computations

m
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Figure 7. [rig A] Sealing effectiveness at 1/, = 0-95, for a high annu-
lus mass flow (V, = 100ms=1). Computations use axisymmetric grid
and boundary conditions, and ‘A’ represents the swirl flow angle at the
annulus inlet (A = 70deg in the experiment).

using axi-symmetric boundary conditions. The first two curves in the
figure legend present the experimental data for the two operating
conditions, and show that quite good agreement is obtained when
plotting against 7,/V.,. The next curve corresponds to a 2D axi-sym-
metric steady simulation with no swirl at the annulus inlet (vy =
Oms-!), which greatly underestimates the ingestion. For the next sim-
ulations, a swirl angle of 70 deg (vg = 275ms!) is introduced in the
annulus, representing the deflection by the NGVs. The introduction
of the swirl velocity is respectively tested on a 2D axi-symmetric
unsteady simulation, a 3D steady simulation (360deg sector) and a
3D unsteady simulation (90deg sector). The improvement of the
solution compared to the experimental measurement is relatively
small. Contrary to the weak cross-flow configuration (Subsection
2.1), the flow appears axi-symmetric, and shows no unsteadiness. It
seems that in this case, when the external flow reaches a sufficient
speed, it dominates and suppresses the instability.

Next, the study focuses on the possible influence of the circumfer-
ential pressure asymmetries, such as those generated by the NGVs
upstream of the seal. An approximate potential flow solution is used
to modify the annulus inlet conditions as previously employed by
Chew et al(5). This assumes a small perturbation about a base flow
and may be written as follows:

xN
P=P+AP Cos(N®)e -

214

AP -
v, =V, ——=———=Cos(NO+ A)e -~
Py +
v, =0

’ )

AP N
V=V ————
(] ] [—
p v6-+vx

Sin(NO+ A)e -
where (v,, v,, vg) are the velocity components written in the cylindrical
co-ordinate system. The unperturbed flow field is given by (v—x ,0, ve)
and P, and A is the mean annulus swirl angle to the axial direction.
The perturbation is determined by », the number of guide vanes and
AP, the magnitude of the pressure perturbation (at x = 0).

The velocity asymmetries are imposed in FLUENT(2) at the inlet
of the annulus, with N = 26 (number of guide vanes). The value of
AP is adjusted to obtain an amplitude of pressure fluctuations around
20% of the dynamic head (i.e. 5,000Pa) at 4-5Smm upstream of the
rim seal. This matches the pressure measurements taken at this loca-
tion. The domain is slightly shortened in the axial direction (x) from
that described above, to reduce the pressure variation required at the
inlet plane. In the circumferential direction, three NGV pitches are
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represented, over 41-5deg. Figure 8 shows the sealing effectiveness
at V,/V, = 0-038, for the experiment (1t curve), for a computation
without pressure asymmetry (2nd symbol) and for a computation with
pressure asymmetries (31 symbol). The imposed pressure asymme-
try leads to more ingestion, but still leaves a significant discrepancy
with the measurements. Further tests show the ingestion is quite sen-
sitive to the amplitude of the pressure asymmetries. Increasing the
amplitude of the fluctuations by a factor 1-2 (4t symbol) leads to a
sealing effectiveness of 0-79 instead of 0-88 (experimental data inter-
polate around 0-62).

The underestimation of ingestion could be due to larger scale cir-
cumferential pressure asymmetries, caused by the four struts further
upstream or by an inlet distortion in the rig. As indicated in Equation
(7), axial decay is slower for larger scale asymmetries and there
could be some impact in the rim seal region. However, there is no
experimental data for these asymmetries, so this is somewhat specu-
lative and exploratory. Extending the CFD model to cover a 90deg
sector allows imposition of both a perturbation with N = 28 (repre-
senting the NGVs) and another with N = 4 (representing the struts).
The pressure amplitudes are respectively 5,000Pa and 250Pa at
4-5mm upstream of the rim seal. The 5t symbol in Fig. 8 presents
the sealing effectiveness for a computation with only the NGV per-
turbation (N = 28). The comparison with the 3rd symbol confirms
there is little influence of using N = 28 instead of N = 26 (actual
number of NGVs). The computation taking into account the influ-
ence of both the NGVs and the struts is represented by the 6
symbol. Ingestion is stronger, in good agreement with the measure-
ments. Even if the amplitude of the larger scale asymmetry may be
overestimated, this shows the possible influence of such compo-
nents. A final test is performed by adding a 1/7th power law velocity
boundary layer profile at the annulus inlet. Even assuming a bound-
ary layer thickness of half the annulus height (7t symbol), this is
found to have little influence on ingestion.

4.0 REPRESENTATIVE GEOMETRY (RIG C)

This section presents the numerical study of a turbine stage with a
cavity located between the stator and rotor discs. The design of the
cavity agrees with the industrial guidelines presented in the introduc-
tion: the seal is of chute type, with the stator overlapping the rotor,
and inner seals separate the cavity into different sections. The vanes,

1.0
0.8 1 o I
&
0.6 1
041 Experiments (OC2)
X No pressure asymmetry
+ 26 NGVs, 41.5 deg sector
0.2 4| © 26 NGVs, increased pressure asymmetry, 41.5 deg sector
0O 28 NGVs, 90 deg sector
A 28 NGVs, 4 struts, 90 deg sector
X 28 NGV, 4 struts and inlet boundary layer profile, 90 deg sector
0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Vm /V\

Figure 8. [rig A] Sealing effectiveness at r/ry,,, = 0-95 and V,/V, =
0-038, for a high annulus mass flow (V, = 100ms-1), with different kind
of asymmetries enforced in the computations.
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) (a) casing (wall) main and unsteady convergence by reaching a periodic state (+3% on
el BhAGIS pressure probes). The mass flow error is lower than 1%. The
inlet outlet unsteady computations are run for 700 blade-passing periods
—_— SSS_a=m—

stator hub (wall)

r coolant
X inlet 4

rotor hub (wall) TT
hub

(b)

l‘?
0
Figure 9. [rig C] a) Lateral view of the grid, b) close up view of the rim
seal (dashed line: cutting surface S used to calculate vy, star: spec-
trum extraction point) and c) upper view (6 = Odeg corresponds to the
vane trailing edge). The main annulus height is 0:0252m, and the

domain extends over 0-180m in the axial direction. The cavity height is
0-025m (between the bottom and the main annulus hub radius).

the blades and the details of the cavity are all included in the CFD
model, making this study particularly representative of an aero-
engine. Furthermore, experimental results obtained at the University
of Sussex(!0. ') are presented to support the numerical approach.
This involves steady pressure and tracer gas measurements (CO,
seeding in the coolant flow supply).

Unsteady computations are carried out on a domain enclosing the
vanes, the upper two sections of the cavity (r/r,, > 0-84), and the
blades, as shown in Fig. 9. A non-linear time marching approach is
applied, with a sliding plane at the interface between the stator and
the rotor. This latter point requires the same angular extent between
the stator and the rotor domains, which is achieved using a ratio of
27:54 for the number of vanes:blades, instead of 26:59 as in the
experiment. This allows the reduction of the computational domain
to one vane and two blade passages. Figure 9 presents a view of the
grid: the total number of points is about 1-3 x 106. Steady computa-
tions have also been carried out in the static frame of reference (sup-
pressing the blades) and in the rotating frame of reference
(suppressing the vanes), in order to separate the influences of the
two rows. The mesh is similar to the unsteady one around the vanes /
blades and inside the cavity, corresponding to 0-84 x 10¢ grid points
for the static steady computation (one vane passage) and 0-46 x 106
grid points for the rotating steady computation (one blade passage).

The computations are carried out using HYDRA, a finite volume
CFD solver developed by Rolls-Royce and partners. RANS equa-
tions are solved using the Spalart-Allmaras turbulence model(16).
Time advancement is implicit, with a CFL (Courant-Friedrichs-
Lewy) number of 2-0, and 100 time steps per blade passing period
for the unsteady computations. Fluxes are discretised using a centred
scheme (2nd order), with a 2nd order smoothing (15t order around the
shocks) for the inviscid components. The inlets, in the main annulus
(main inlet) and at the bottom of the cavity (coolant inlet), are repre-
sented by a subsonic inflow condition where the stagnation tempera-
ture, the stagnation pressure and the flow angles are imposed. The
outlet is represented by a subsonic outflow condition (static pressure
imposed), with a radial equilibrium gradient when the outlet is
located in the high swirl region just downstream of the vanes. Also,
circumferential periodicity is applied on the sides of the domain.
Finally, no-slip conditions with wall functions are imposed on the
walls, with y* € [15;80]. Steady convergence is assessed by the stag-
nation of the residuals after a decreasing by a factor of 10-6 or less,
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because of the slower convergence at the bottom of the cavity than
in the main passage. On the same number of processors (eight recent
CPUs), computational time is about three days for the steady compu-
tation on 0-46 million grid points (rotating frame), and seven weeks
for the unsteady computations (despite the modified vanes:blades
ratio of 1:2).

Table 1 presents the experiments and the computations. The
names are constructed in the following way: the operating condition
(Design/OffDesign) and the level of coolant flow (1: low, 2:
medium), the kind of result (Steady/Unsteady/Experiment) and
finally the frame of reference for the steady computations (str: stator,
rtr: rotor). First, three experiments are presented. The comparison
between OffDesignl-Experiment and Designl-Experiment shows
the influence of the operating condition, for a similar coolant flow
level (V,/V,). Then, comparing Designl-Experiment and Design2-
Experiment shows the influence of the coolant flow level, at a given
operating condition. Five computations are then presented. Three
unsteady computations are carried out at similar conditions to the
three experiments: OffDesignl-Unsteady, Designl-Unsteady and
Design2-Unsteady. Finally, a steady computation is presented in
each frame of reference (stator and rotor), at the condition Designl:
Designl-Steady-str and Designl-Steady-rtr. These two computations
allow the influence of each row to be separated.

Figure 10 presents the time-averaged pressure coefficient on the
hub, 1-5mm downstream of the vane trailing edges, as a function of
the circumferential angle:

= P—inmr .. (8)
P
POi - Pmcun
where P,,,, is the mean pressure over the circumference and Py, the
stagnation pressure upstream of the vanes. Computation Designl-
Steady-rtr is not represented because it does not take into account the

Table 1
[rig C] Experimental and computational conditions. ¢ is calculated
using Equation (4) and the measured tracer gas concentration (at
rhup = 0-96 and 6 = 0deg on the stator disc). y is a global quantity,
comparable to ¢ (cf. Appendix).

main inlet Re, Re, C, ViVy
mas flow
(kgls)

OffDesign1- 1350 3.85e+5 6.63e5 1,512 00838 ¢=076
Experiment

Design1- 4578 1.31e+6 1.98e+6 5,570 00913 ¢ =0-60
Experiment
Design2- 4574 1.31e+6 2.06e+6 7,537 01170 6 =075
Experiment

OffDesign1- 1285 3.54e+5 563e+5 1,251 0-0808 y =0-96
Unsteady

Design1- 4470 1-13e+6 1.78e+6 4,553 0-0746 y =072
Unsteady
Design2- 4453 1-12e+6 2.00e+6 7,787 01250 y =099
Unsteady
Design1- 4480 1-13e+6 1.78e+6 4,612 00758 y =100
Steady-str
Design1- 4546 1.15e+6 1.84e+6 4,293 0.0699 y =093
Steady-str
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Figure 10. [rig C] Average pressure coefficient on the annulus hub,
1-5mm downstream of the vane trailing edge.

wakes of the vanes. The agreement between experiments and com-
putations is reasonable, with merging of the curves due to the non-
dimensionalisation. The pressure asymmetry generated by the vanes
in the annulus represents about 25%-30% of the dynamic head (P, —
P mea/1)~

Figure 11 presents the time-averaged pressure coefficient on the
stator face of the cavity, at the angular position corresponding to the

vane trailing edge (6 = 0 deg):

— P_P(r/r,,uh:oos) .9
! 0- Sp(r/r,,uﬁo.%) (’7mb Q)z

where P(.;, . - 0.96) and PGy, = 096) ATE the mean pressure and den-
sity at r/ry,,, = 0:96. Again, owing to the non-dimensionalisation, the
curves merge for both the experiments and the computations.
However, the pressure gradient is smaller in the computations. This
could be due to an underestimate of the entrainment by the rotor
disc. It could also result from an underestimated ingestion inside the
cavity, because the main annulus flow is highly swirling and so
increases the radial pressure gradient.

In the experiment, ingestion inside the cavity is assessed by the
sealing effectiveness ¢, which is calculated using Equation (4) and
the tracer gas concentration at 7/7,, = 0-96 and 0 = Odeg (vane trail-
ing-edge angle) on the stator disc. The results are given in Table 1.
The strongest ingestion is obtained at the design operating condition,
for the lowest coolant flow rate (Designl-Experiment: ¢ = 0-60). As
expected, ingestion is reduced when increasing the coolant flow rate
(Design2-Experiment: ¢ = 0-75). More surprisingly, ingestion is also
reduced when moving to off-design operating condition
(OffDesign1-Experiment: ¢ = 0-76). For the computations, a passive
scalar option would be necessary to represent the tracer gas and to
calculate ¢. As this option is not currently available, another quantity
is used to estimate ingestion: the mass flow ratio through the rim
seal (), as explained in appendix.

y=1-m,[m,, ... (10)

where m,, and m,, are the time-averaged inward and outward
mass flows measured through the rim seal (cutting surface S pre-
sented in Fig. 9). The computed values of y are presented in Table 1.
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Figure 11. [rig C] Average pressure coefficient inside the cavity, on the
stator face at 6 = Odeg .

Considering the three unsteady computations, the values of  are
high, but respect the experimental trends obtained on ¢. Indeed, as
explained in the appendix, only a qualitative comparison should be
made between ¢ and . Ingestion is higher at design condition with
the lower coolant flow rate (Designl-Unsteady: y = 0-72). Ingestion
is reduced either by increasing the coolant flow rate (Design2-
Unsteady: y = 0:99) or by moving to off-design condition
(OffDesign1-Unsteady: y = 0-96). This prediction of the experimen-
tal trends is encouraging, particularly the decrease in ingestion at the
off-design condition. However, the high values of y and the under-
estimate of the pressure gradient previously noticed inside the
cavity, appear as signs of a global underestimate of ingestion. This
could result from limitations of the computational procedure, or
from the influence of large-scale asymmetries in the experiment
(struts...), as discussed in Section 3. Finally, concerning the two
steady computations, only the one in the rotating frame (Designl-
Steady-rtr: y = 0-93) shows ingestion. This indicates the higher
influence of the rotor blades on ingestion, for this configuration.
However, the value obtained by this steady computation remains
much higher than for the unsteady computation (Design1-Unsteady:
vy =0-72), which shows the importance of unsteady effects.

The first three plots in Fig. 12 present the radial velocity spectra
calculated in the upper section of the cavity at the point shown in
Fig. 9 for the three unsteady computations. At both operating condi-
tions, the peak corresponding to the blade passing frequency
appears, but its level is higher at the design condition, probably due
to the higher potential effect of the blades. More interestingly, at
design condition and for the lower coolant flow rate (Designl-
Unsteady), other components appear at lower frequencies. They are
dominated by f/f;;; = 0-44, which could be due to an instability such
as those observed in Section 2.

In this paragraph, a digression is made to consider a computation
similar to Designl-Unsteady, but without any vanes or blades. This
allows isolation of the unsteady effects due to the cavity, from the
effects due to the vanes and the blades. Moreover, this computation
is done on a wider circumferential sector (120deg) to lower the influ-
ence of the periodic boundary conditions. In Figs 12 and 13, this
modified version of Designl-Unsteady is clearly labelled by the
comment: ‘Isolated cavity, 120deg sector’. Looking at the Fourier
transform in Fig. 12 (last spectrum), a peak appears with an ampli-
tude of 0-51ms-!, spreading around f/f;,; = 0-31. Considering the axi-
symmetric geometry and boundary conditions of this computation,
this must be due to an instability. Figure 13 presents the radial veloc-
ity in a cross-section through the cavity and the main annulus (x =
Xstator + 0 T(Xyoor — Xsrator))» Where a circumferential pattern is
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Figure 12. [rig C] Discrete Fourier Transform of the radial velocity at
the point location presented in Fig. 9: (X = Xgator + 0:6 (Xr0t0r — Xstator):
/s = 0-96, 6 = -3-1 deg).
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observed in the region of the rim seal. The study of the correlation of
circumferentially distributed pressure probes then shows that this
pattern is made of 21 dominant lobes over 360deg, rotating at 0-80Q2,
which is consistent with the dominant component f/f;,; = 0-31. The
wide circumferential sector also allows other wavelengths corre-
sponding to fractions of the sector to develop, generating the neigh-
bouring frequencies around fif;,; = 0-31. As the dominant
fluctuations are located within the rim seal, a possible source of
instability could be the inflexion points in the velocity profiles gen-
erated inside the rim seal by the inward and outward flows.

Focusing again on the stage computations, the component f/f,,, =
0-44 in Designl-Unsteady can be explained by the instability
observed in the previous paragraph in the isolated cavity (around
Sfyia = 0-31). The corresponding amplitudes are similar between the
two computations in Fig. 12. However, the smaller circumferential
sector of the stage computation imposes a number of lobes propor-
tional to 27 over the circumference, resulting in a higher frequency
of the instability (f/f;,; = 0-44 instead of f/f;;; = 0-31) and the sup-
pression of the neighbouring frequencies. The other frequencies
appearing in the stage computation Designl-Unsteady (cf. Fig. 12)
must come from non-linear interactions between the instability fre-
quency (ff,; = 0-44) and the blade passing frequency (f/f;;,; = 1-00).
They can be obtained by the following combinations: 0-56 = 1-00 —
0-44 and 0:12 = 0:56 — 0-44. Such non-linear effects might be
expected to develop when the amplitude of the perturbation from the
blades inside the rim seal is similar to the amplitude of the instabil-
ity, as in this case. This can generate low frequency fluctuations
(here: f/f,;,; = 0-12), which are more effective in driving the flow
through the seal, taking into account the relatively small radial
velocities inside the rim seal. Also, frequencies close to an acoustic
resonance of the cavity may be generated this way, which may also
increase ingestion.

As a final illustration, Fig. 14 shows the instantaneous radial
velocity on a constant radius surface just above the main annulus
hub (» = ry,, + 0-5mm), for the unstable stage computation: Design1-
Unsteady. This shows the influence of the vane wakes and blade
potential effects near the rim seal. However, according to the results
of the steady computations, ingestion is more influenced by the
blades. But, it is also possible to see in Fig. 14 that the flow through
the rim seal is dominated by the same circumferential periodicity as
the vanes. Actually, this pattern is rotating and corresponds to the
instability inside the rim seal, whose wavelength is enforced to
match the domain angular sector (equal to the vane pitch).

Finally, the computational results explain the strong ingestion
obtained at design condition (Design1), compared to the corresponding

Figure 13. [rig C] Instantaneous radial velocity on an x-plane at 70%
across the cavity (X = Xggator + 0°7(X,0t0r — Xstator)), for computation
Design1-Unsteady (isolated cavity, 120 deg sector). [1]: main annulus,
[2]: upper section of the cavity, [3]: lower section of the cavity.
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Figure 14. [rig C] Instantaneous radial velocity at r = ry, ,, + 0-5mm, for

computation Design1-Unsteady. The vanes are on the left hand side

(upstream), the blades on the right hand side (downstream), and the
rim seal outlet is delimited by the two vertical white lines.

off-design condition (OffDesignl). The design condition is charac-
terized by a higher potential effect of the blades (which increases
with Re,), but also by the instability generated inside the rim seal by
the pumping effect (which increases with Rey). Also, the higher
Mach number expected at design condition could promote the non-
linear effects.

5.0 CONCLUSIONS

Results of CFD studies into turbine rim seal ingestion have been pre-
sented and compared to experimental data. It has been found that for
a simple axial seal with weak external flow, the ingestion driven by
disc pumping involves an unsteady three-dimensional flow. For this
seal the unsteadiness is suppressed by the external flow, as would be
encountered for the outer seal in an engine. However, further CFD
results, confirmed by experimental measurements, show that similar
unsteady phenomena can be encountered at engine conditions for
other seal geometries.

Pressure asymmetries in the annulus, due to the stationary and
moving blades, are shown to have a major influence on ingestion.
Care should be taken in experimental studies or engine design calcu-
lations to account for any large-scale circumferential asymmetries
due to struts or other inlet distortions. These may be relatively slow
to decay axially and can have a significant effect on ingestion even
though the amplitude of these asymmetries might be small compared
to that due to the adjacent blades and vanes.

Finally, the application of CFD to a realistic turbine stage illus-
trates the state-of-the-art for coupled disc cavity/main annulus flows.
Despite the long computational time required, the non-linear time
marching computations are the most able to capture the effects of
modifying the operating condition or the coolant mass flow.
Moreover, in this case, a deeper analysis of the computations shows
the strong influences of the potential effect of the rotor blades and of
a flow instability developing inside the rim seal. Also, the appear-
ance of non-linear coupling frequencies is noted, and this effect has
to be considered carefully in future studies.
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APPENDIX

This appendix describes the construction of the mass flow ratio
through the rim seal(y), which is used to estimate ingestion in the
computations when the passive scalar option is not available.

A simplified representation of the upper section of the cavity (e.g.
rig C) is presented in Fig. 15, and two hypotheses are made:
(i) There is no major ingestion in the lower section of the cavity.
This is a reasonable hypothesis, the upper section damping the pres-
sure asymmetries from the annulus (cf. Introduction).
(ii) The flow ingested inside the cavity, through the rim seal, comes
from the main annulus inlet, and does not contain coolant flow being
re-ingested.
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In these conditions, the mass flow entering the cavity at the
bottom is m,,,, and the inward and outward mass flows through the
rim seal are defined by:

out

m,.”:I/ZJp.([ vn|-vn)dS ; m :1/2J.p.(| v.n [+v.n)dS
N S

eR))

where S is a cutting surface through the rim seal, and n the local
unity vector normal to the surface (outward direction).

Taking into account that m,,,, is composed only of flow coming
from the coolant inlet, and m;, only of flow coming from the main
annulus inlet, the average concentration of coolant flow in the upper
section of the cavity can be estimated by:

 if

J-mm,dr —
v = 0 —_ Mo (te [0;T] being a representa-

]:( +m )t m,,, +m, tive period of time)
m m,
ool

in
0

Then, the mass conservation gives: m,, =, +m_,

m,, —m, —
out in m
S0! Y= =1 /—
_ 1
(m,, —m, Hm M ou

n

v is an estimate of ¢, but there are limitations coming from the
hypotheses. The re-ingestion of coolant flow through the rim seal is
not taken into account, which tends to lower y compared to ¢ (par-
ticularly for long rim seal ducts with fluctuating flow direction
inside). Conversely, only ingestion by convection is considered, not
by diffusion, and this tends to increase . Consequently, W can be
used to estimate ingestion in the computations, for qualitative but not
quantitative comparison with ¢.

Figure 15. Sketch of the upper section of the cavity, presenting the
mass flows and the cutting surface S through the rim seal.
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