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ABSTRACT

This paper presents an efficient “Phase-Lagged” method developed for turbomachinery ap-
plications. The method is based on the Generalized-Shape-Correction model. Moving averages
techniques as well as double-passage domain formulation were adopted in order to reduce mem-
ory requirements and improve the model robustness. The model was used to evaluate the aero-
dynamic performance of the high pressure transonic turbine stage CT3, experimentally studied
at the von Karman Institute for Fluid Dynamics within the EU funded TATEF2 project. Results
are discussed and compared with both the available experimental data and the results obtained
by means of both steady and unsteady scaled Full-Annulus approaches. Computational require-
ments of the GSC model are evaluated and presented showing that nowadays unsteady results
can be reached at an affordable computational cost.
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¢ chord x  relaxation coefficient
w  chorochronic harmonics coefficient w  rotational velocity
At physical time step Subscripts:

f frequency o total quantities

h  span height awe averaged
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w  time harmonics coefficient

w  generic solution variable

wy time-space average value

t  time
v velocity magnitude
Greek:

B,  chorochronic phase shift
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BCs Boundary Conditions

BDF Backward Difference Formula
BPF Blade Passing Frequency

FA  Full-Annulus

GSC Generalized Shape-Correction
LE Leading Edge

MP Mixing-Plane

PL  Phase-Lagged
NRBC Non-Reflecting BCs

SS  Suction Side

TE Trailing Edge
Superscripts and oversigns:

Pl perturbation index
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INTRODUCTION

Nowadays, steady three-dimensional CFD is a standard design tool adopted in the turbomachinery
industry even if the flow field in such machines is inherently unsteady as a result of the interaction
of the rotating and stationary blade rows. Steady Mixing-Plane (MP) models have reached very high
levels of confidence and accuracy with low computational costs.

Unsteady solvers have been available for a long time, nevertheless, unsteady CFD computations
have not been applied as turbomachinery design tool so far. No theoretical difficulties have prevented
a daily use of such techniques, rather unsteady approaches have found their major drawback in their
computational costs. If standard periodic BCs are adopted the computational domain has to cover a
periodic sector of the machine. Due to mechanical design constrains, in a multi-rows environment,
no common divisors can be found among blade counts and the computational domain usually should
cover the whole wheel (Full-Annulus (FA) approach) leading to model size several orders of magni-
tude bigger than that of the corresponding steady Mixing-Plane model (Hall and Ekici (2005)).
However, the importance of the introduction of unsteady computations into the design process has
been asserted in several papers both for turbines and compressors (e.g. He et al. (2002); Blumenthal
et al. (2011)) and it is one of the most important aspects of the current CFD codes. Therefore, great
emphasis has been recently devoted in developing simplified models which ensure high accuracy and
low computational costs.

In the so called “scaled-model” a geometrical (blade count) alteration of the computed geometry is
enabled in order to find a small periodic sector and reduce the computational domain. If a proper
scaling is adopted the main steady (time-averaged) performance can be accurately predicted. How-
ever, the fundamental frequencies of the unsteady flow are altered and poor accuracy is obtained if
relevant pitch variations are adopted. Similar considerations can be made when considering the Pro-
file Transformation approach proposed by Galpin et al. (1995), in which the actual blade geometry is
not scaled, but the flow field is stretched or compressed in the rotor-stator interfaces. In this context,
methods able to retain small computational domain without any geometrical alteration would be ex-
tremely valuable.

Gopinath (2007) developed a time spectral method specifically developed for time periodic problems
based on the Fourier transformation of the whole computational domain. Alternatively, Giles (1988)
proposed the Time Inclined approach in which a space-time transformation of the governing equation
allows the solution of a single passage domain. Unfortunately, this model can be applied to single
stage problems only and is affected by problematic post-processing. Moreover, starting from the first
work of Adamczyk (1985), several linear and non-linear harmonic methods were developed for aeroe-
lastic applications and blade-row interaction analyses (He and Ning (1999); Vilmin et al. (2006)). The
Harmonic Balance approach is based on the model proposed by Hall and Lorence (1993) and it repre-
sents an improved time-linearized multi-stage approach for Euler and viscous flow calculations (Hall
and Ekici (2005)). Finally, a relevant improvement in the attempt to reduce the computational cost of
unsteady computations was obtained with the introduction of the Phase-Lagged method (PL). Start-
ing from the pioneer work of Erdos et al. (1977) this technique introduces phase-shifted boundary
conditions, thus resulting in the reduction of the computational domain to a single blade passage.

In the work reported herein, a PL. model was implemented in the TRAF code, followed by a 3D
unsteady CFD analysis of an high pressure transonic turbine stage. A comprehensive description of
the model is given, mainly focusing on the implementation features that have allowed to overcome the
main stability limits frequently reported in literature. Noteworthy, the presented test case allowed us
also to evaluate both the accuracy and the computational costs of different approaches in solving com-
plex flow field. In particular, a steady-state mixing-plane (MP), an unsteady full-annulus (FA), and a
Phase-Lagged (PL) methods have been deeply investigated and evaluated assessing their memory and
time requirements and comparing predicted and available experimental data.
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IMPLEMENTATION

The TRAF code

The present work was performed using the TRAF code (Arnone (1994)). The code is a Q3D/3D
multi-row, multi-block CFD solver for the RANS/URANS equations, written in conservative form
in a curvilinear, body-fitted coordinate system. The steady Navier-Stokes equations are reformulated
to be handled by a time marching steady-state approach. The non-reflecting boundary conditions
(NRBC) proposed by Giles (1988) was adopted in the steady mixing-plane computations in order
to prevent spurious, nonphysical reflections at inflow and outflow boundaries. In the time-accurate
scheme, derivatives with respect to time ¢ are discretized using a three points Backward Difference
Formula (BDF) and solved by means of a dual time stepping method. The code features several
turbulence closures ranging from simple algebraic model to one, two and three-equation, transition-
sensitive, turbulence models (Pacciani et al. (2011)).

The Generalized Shape-Correction model

All of the PL models are based on the chorochronic relations originally introduced by Erdos et al.
(1977) and subsequently more strictly proved by Gerolymos and Chapin (1991). In a rotor-stator
environment, if the natural instabilities (such as vortex shedding, rotating stall, separation bubble
buffeting, etc.) are absent or almost negligible, then each blade row observes a periodic flow field in
its relative frame of reference. The fundamental frequency is equal to the blade passing frequency
(BPF) of the adjacent row (f;) and each blade passage witnesses the same phenomena of its neighbor
with a phase shift ((,) that can be easily derived from kinematic considerations leading to the well
known chorochronic periodicity conditions:
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The Shape-Correction approach was originally proposed by He (1990) for oscillating blades. It was
then generalized (Generalized Shape-Correction (GSC) method) to handle multi-perturbation prob-
lems (He (1992)) and it has been applied to solve blade row interactions (Dewhurst and He (2000);
Gerolymos et al. (2002)).

An advanced algorithm based on the moving-averages technique proposed by Gerolymos et al.
(2002) was adopted in the implemented model in order to reduce memory requirements and improve
convergence rate.

Boundaries between blocks of the same row
A generic solution variable at a periodic boundary is expressed by means of Fourier series in time
with a finite number of time-harmonic coefficients:
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For single stage computations [V, = 1 and f "] refer to the BPF of the adjacent row. In a multi-stage
environment, due to the presence of many rows in relative motion and with different blade counts, the
unsteady flow field is dominated by several perturbations and one BPF can be defined for each row
on the basis of simple kinematic considerations. At the time of writing, even if a general formulation
has been developed, only two BPF are considered in each row as suggested by Neubauer (2004) and
Van Zante et al. (2008). The interactions with the two adjacent rows are then taken into account while



other perturbations are mixed out at the inter-row interfaces.
Both moving-averages and relaxation techniques are adopted for computing Fourier coefficients!:
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Coefficients are updated at the end of each physical time step while they are kept constant during
the Runge-Kutta steps, the multigrid scheme and the sub-iterations. BCs are finally imposed in the
phantom cells on one side of a given blade passage (gray cells in fig. 1(a)) by using Fourier series of
the donor cells in the opposite side of the block (black cells in fig. 1(a)) with the proper time-shift:
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Boundaries between different blade rows
The flow variables at inter-row interfaces are expressed by ¢ — ¢ Fourier series:
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where the first term on the left side returns the time averaged spatial distribution, while the sec-

ond one includes the nonzero ¢ — € harmonics that satisfy the chorochronic periodicity condition
(Neubauer (2004)). The Fourier coefficients are computed by inverse Fourier transformations with
moving averages technique in each circle passing through donor cells of a given rows:
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where Iy is the spatial inverse Fourier transformation over the wheel (Gerolymos et al. (2002)) com-
puted by using the current (,,.,,) or the rebuilt (,;4) solution values.

Initialization

Despite the several time-consuming initialization procedures proposed in literature (Chen and
Barter (1998); Barter et al. (2000)), a very simple “constant-initialization” is adopted in the present
model, as it does not hinder the model convergence.
Steady results are used to initialize the solution variables in all the grid cells and the mean values
(wp(ny = 0) and w,(n, = 0,n9 = 0)) of the Fourier series. All the remaining time harmonic and
chorochronic harmonic coefficients are initialized to zero.

Double passage approach

The low robustness of the Phase-Lagged models is frequently reported in literature (see Li and
He (2001); Dewhurst and He (2000)). Several tests have proved that the main troubles are due to
the proximity between donor and phantom cells. This feature is well highlighted in fig. 1(a) in
which the boundaries in the front part of a blade passage are shown. During the initial transient of
the computation the computed flow field is not periodic, the Fourier coefficients have not reached
convergence and inaccurate values are set in the phantom cells (P’ and Q') giving rise to spurious
disturbances near boundaries. Moreover, these perturbed values are used in the donor cells (P and Q)
to compute Fourier transformations and to update harmonic coefficients. These spurious perturbations

Thereafter, (z,7,60,t) coordinates when obvious will be omitted for the sake of simplicity
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(Double pass.)/(Single pass.)

Direct mem. req. 2
data exch. t per 1" (serial time) 2
— Ny to periodic.  1/10

t to periodic. 1/5

Table 1: Computational costs
S

(a) b)

Figure 1: Sketch of the computational domain: a) single
passage model; b) double passage model.

are not dumped by the numerical scheme and can corrupt the whole domain.

To overcome this problem, Biesinger et al. (2010) suggested the adoption of a two-passage model. In
each row, phantom cells of one block overlap the real cells of the other at the interface between the
two blade-passage, and a direct data exchange suffices to provide BCs (fig. 1(b)). In the lower and
upper bound of the computational domain, instead, chorochronic boundary conditions must be used
as they are non periodic interfaces.

The computational costs per time period with this approach are twice that of single-passage ones:
memory usage is exactly doubled and also the computational time (in a serial approach) follows
the same trend. However, the superior quality of the data used to compute the Fourier coefficients
provides very high robustness to the model, so that the two passage model reaches convergence in a
tenth of the time periods needed by the single passage approach. Overall, this approach results in a
significantly reduced time (at least 5 times lower than the original one) thus making acceptable the
extra memory usage.

Memory requirements

Data from several real LPT modules derived from the Avio database have been taken into account
in order to quantify the computational costs of the steady MP, and the unsteady FA and GSC mod-
els. As previously mentioned, the FA computational domain can be reduced from the full-annulus
to a small sector if some angular periodicity can be found among all the blade rows. Due to me-
chanical design constrains, usually there is not any common divisor among the blade counts in actual
turbomachinery configurations and periodicity is reached only over the whole wheel. However, a
slight modification of the blade counts in the numerical model can lead to a favourable combination
of the blade numbers and can allow a sizeable reduction of the computational domain. Since these
alterations of the blade counts directly affects the blade pitch, a proper geometry transformation is
needed in order to preserve the main steady row performance (Arnone and Pacciani (1996)). In the
present analysis this “FA scaled” model was taken into account in assessing the computational costs
of unsteady computations. In particular, three values (1, 2 and 3%) were considered for the blade
pitch alteration. Computational costs were evaluated as a function of the number of rows taken into
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MEMORY REQUIREMENTS
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Figure 2: Memory requirements for a ‘“mean’ turbine: comparison among the FA, FA
scaled (1%, 2%, 3% ) and GSC approaches.

(mem.req.)/(mem.req.

account in the computation (from the single stage to the whole machine) and plotted as the ratio be-
tween the memory requirements of a given unsteady approach and that of the MP model (fig. 2).
Plotted results refer to a sort of “mean-turbine” obtained by averaging data of the real ones, being the
specific information of the modules confidential. The graph clearly shows that the FA requirements
grows up very rapidly, becoming two order of magnitude greater than MP ones after very few stages.
Considering very few rows, the FA scaled model allows a cost reduction of an order of magnitude
although this result can be reached only when considering relevant pitch variations (2, 3% or even
more). Differently, the GSC memory requirements are only 2.5 times greater than the steady model
ones as a reduced domain is solved and only the Fourier coefficients are stored. Furthermore these
values are not affected by neither the blade counts nor the number of the solved rows.

HIGH PRESSURE TRANSONIC TURBINE STAGE

The aforementioned CFD model was applied to the analysis of the CT3 high pressure stage ex-
perimentally investigated at the von Karmén Institute in the frame work of the TATEF2 EU funded
project. Computations refer to the test facility in which the vane has been restaggered by 2 deg (Loma
et al. (2007)). The turbine stage is composed by 43 uncooled cylindrical vanes and 64 uncooled
twisted blades. Main geometrical features as well as the operating conditions of the measurement
campaign are listed in tab. 2. Since the blade counts in the stator and the rotor rows have not any
common divisor, the FA computational domain should cover the whole wheel resulting in huge com-
putational costs. Therefore, the stage geometry was scaled considering 42 stator vanes and 63 rotor
blades and a blade count ratio of 2:3 for the unsteady FA computations. This modification allowed
us to compute only 1/21 of the row rings even if pitch alterations of 2.4% and 1.6% were introduced
for the stator and the rotor rows respectively. A uniform temperature distribution (7, = 289K) was
prescribed on solid walls while a value of T'u = 2.5% was imposed at stator inlet.
The H-type grids generated for both steady and unsteady computations are shown in fig. 3. The mesh

Re(10%) My Ms,is  poi/pos
cz/h  pitch/c, Stagger [deg] Np Low 1.063 1.071  0.65 2.19

Vane 0.81 1.313 54 43 Nom 1.072 1.242 097 3.19
Blade 0.74 0.912 32 64 High 1.074 1.249 1.18 3.85

Table 2: CT3: geometrical features and operating conditions (midspan).
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Figure 3: CT3 transonic stage mesh and axial positions of the measurement planes.

Computational costs
(serial Intel Xeon CPU @ 2.40)

MP GSC FA FA scaled

mem. req. 1.1 3.1 82 3.8 [GB]
tper T X 90.2 2100* 5.5 [h]
Nr to periodic. X 4 3~ 4* 10 [-]
tto periodic.  0.08 12 270.* 3 [day]

* estimated
Table 3: Computational costs of the MP, GSC, FA and FA scaled approaches.

size (220x100x90~ 2- 106 cells per blade passage) and the number of time and chorochronic harmon-
ics in Fourier series (/V; = 10, Ly = 10) were selected by means of a sensitivity analysis. About 5-10
sub-iterations were computed per time step considering a switching RMS residual value of 1078, The
time-sampling of the unsteady computations was imposed considering a trade-off between accuracy
and computational costs: computations were performed using 50, 100, and 200 time steps per blade
passage resulting in 3200, 6400, and 12800 time steps on the full wheel revolution respectively. Ac-
cording to the second-order BDF scheme adopted for the time derivative operator, at least 16 points
are needed to accurately solve a given wavelength (see Gopinath (2007)). Therefore the first 3 BPF
harmonics are accurately solved even with 50 time steps, 5-6 harmonics with 100, and so on.

Each unsteady computation is carried out until a periodicity condition is reached. Periodicity is eval-
uated by monitoring the variation over two consecutive periods of several flow quantities: mass flow
rate, unsteady blade load, overall efficiency, etc.

The computational costs of both steady and unsteady approaches are reported in tab. 3. Memory
requirement for the GSC model is of the same order of magnitude of the MP one and one order lower
than that of the FA approach. The FA scaled model is very attractive as it provides memory require-
ments comparable to the GSC ones, but lower computational time. Unfortunately, these results have
not general validity, as they are strictly linked to the present blade count ratio. By using the parallel
version of the TRAF code implemented in a portable, scalable form for distributed-memory parallel
computers using Message Passing Interface (MPI) standard for communication, the computational
time was drastically reduced. Indeed GSC computation reached convergence in less than 3 days us-
ing only 4 CPUs (Intel Xeon CPU @ 2.40GHz). Unlike the FA approach, GSC performance do not
depend on the test-case. Moreover, multistage domains and even whole LPT modules can be solved
with similar computational costs (few days and few CPUs).
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Figure 4: Time-averaged isentropic Mach number distribution (GSC model, Nom-condition
50% span). Comparison among different turbulence models: Spalart and Allmaras (1994)
(SA), k£ — w Wilcox (1998) low/high Reynolds vers., and & — w Wilcox (2008).

Results

Turbulence model

The proper turbulence model was selected on the basis of a first sensitivity analysis. Fig. 4
shows a comparison of the time-averaged isentropic Mach number distribution obtained with different
turbulence models. As can be seen a different behaviour of the flow field was predicted in the rear
part of the vane and in front part of the blade, where, the shock-boundary layer interaction is of major
concern. More exactly, a separation bubble was predicted in both the stator and the rotor suction
sides by using the Low-Re release of the Wilcox & — w model while no-separation was predicted
with £ — w High-Re release. Due to the better agreement with experimental results the Low-Re
formulation was selected as the reference model. It is interesting to note the improvements obtained
with the formulation of the Wilcox k& — w (2008) model as it is specifically tuned to better predict the
shock-boundary layer interaction (note that £k — w Low-Re and k£ — w (2008) curves are overlapped in
fig. 4).

Unsteady results

The numerical Schlieren visualization obtained with the GSC approach is displayed in fig. 5 at
four different time instants. Results highlight the complex shock system present at 50% of the span
height for the High pressure ratio. As can be easily seen, the direct shock A of the stator vane pe-
riodically interacts with the adjacent vane wake and impinges on the front part of the rotor SS. This
interaction generates a reflected shock D that travels upstream reaching the vane SS. Here it is re-
flected downstream further on. Meanwhile a right running shock B strikes on the adjacent stator SS
giving rise to reflections of variable strength. The intensity and the inclination of the shock change
during the period due to the potential interaction with the rotor row. Finally the rotor left running
trailing edge shock C' is underlined in fig. 5. In the first snapshot it is rather weak while at the end of
the rotor period it is enforced and reaches the neighboring blade suction side.
Fig. 6 displays the corresponding space-time plots at midspan for both the vane and the blade. The
right running vane shock B is highlighted in the vane graph at a fixed position (s/sror ~ 0.40). At
the same time the traces of the reflected shock D are fairly evident. Furthermore, the sweeping of the
vane direct shock A from the crown to the LE of the blade is figured out as a space-time trace in the
normalized pressure fluctuation of the rotor blade.
To better quantify the entity of unsteadiness over a period the pressure fluctuations have been stored
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Figure 5: 3D unsteady (GSC) density gradient contours for the High pressure ratio (25% span).
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Figure 6: Unsteady (GSC) pressure on the stator and the rotor blades (50% span)

for every point of both the suction and the pressure sides of the stator and the rotor blades at midspan.
The difference between the maximum and minimum pressure values normalized with the averaged
one is plotted in fig. 7 in order to quantify the maximum pressure fluctuation over a period. The
high level of unsteadiness in the rear part of the nozzle SS (~ 20% of the average pressure level) is
due to both the motion of the right running shock B and the periodic impingement of the reflected
shock branch D. On the rotor blade the maximum unsteadiness is detected around the leading edge
as a results of the vane shock A impingement. On the first 30% of the rotor suction side the pres-
sure field undergoes fluctuation of over the 100% of the mean values indicating the importance of
correctly assessing the rotor-stator unsteady interaction. Fig. 8 reports the space-time plots of the
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Figure 8: Time-space plots of the velocity magnitude (Nom cond.; plane 2, span 50%)

non-dimensional velocity magnitude computed in the vane-blade interface (plane 2) at midspan by
using both the GSC and FA scaled approaches. Only one vane pitch is reported in the space coordi-
nate while a single blade passing period is considered for the time one. On one hand this allow a direct
comparison between the two models despite the fact that they solve different BPF, on the other hand
the velocity contours are not periodic since the graphs does not cover a periodicity domain (neither
in space nor in time). The direct shock A is highlighted in the two graphs as well as the vane wake
trace. The direct shock A appears in a quite fixed position, while the vane blade interaction affects
the shock intensity and induces considerable fluctuations of the vane wake.

Finally, both fig. 7 and fig. 8 clearly show the good agreement among the GSC and the FA scaled
results.

Time-averaged performance

Time averaged isentropic Mach number distributions obtained by means of the GSC approach
are compared to experimental data in fig. 9. Results are plotted for both the stator and the rotor
rows for the three investigated pressure ratios and show a good agreement with the experiments. The
impingement of the right running shock of the vane on the adjacent SS causes the boundary layer
separation. When the pressure ratio increases from the Low to the Nom conditions the shock results
more inclined shifting downstream its impact with the neighbouring blade. The time-averaged vane
load instead does not change from Nom to High conditions as the rotor row is choked and the vane
exit Mach number remains the same. A second shock pattern is detected at the blade TE. The left
running shock impinges on the adjacent blade affecting the time-averaged blade load at z/c, ~ 0.7
and = /c, ~ 0.8 for Nom and High conditions respectively.
The agreement with the experimental data is satisfactory and coherent with previous results already
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Figure 10: Time-averaged span-wise distr. on plane 3 (0.45 - C; r downstream of the rotor TE)

presented in literature (De La Calzada and Fernandez-Castaneda (2003); Paniagua et al. (2008)).

Fig. 10 reports the radial distributions of the time-averaged total temperature, total pressure, and
Mach number in a plane located 0.45 - C,, rp downstream of the rotor TE. The numerical results show
a good agreement with the experimental data, proving the accuracy of the numerical model adopted
for the calculations. As far as overall turbine performance is concerned, tab. 4 reports the experi-
mental and computed turbine efficiency. Results obtained with the three numerical approaches are
very similar. However all of them miss to predict the correct efficiency variations among the three
operating conditions. When the pressure ratio increases from the Low to Nom experiments suggest
an efficiency reduction of 4.9 points while the computation predicts a smaller decrement (~ 2 points).
Nevertheless similar discrepancies have been already reported and discussed in the available literature
(Paniagua et al. (2008)). A further comparison among the different approaches MP, FA and GSC is
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Figure 11: Comparison between steady and unsteady results (Nom cond.)
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shown in fig. 11. As can be seen unsteady results match better the experimental data while no relevant
differences can be found between FA and PL results proving that some main time-averaged perfor-
mance parameter can be accurately predicted if a proper geometrical scaling is adopted. However, it
is important to bear in mind that this “proper scaling” is not always possible and does not always lead
to such relevant reduction of the computational domain.

CONCLUSIONS

A Phase-Lagged method for unsteady turbomachinery applications was developed and validated.
This model is based on the GSC approach and is able to accurately solve both single perturbation
(rotor-stator interaction) and multi-stage problems. The numerical stability and robustness of the
algorithm was substantially enhanced by the introduction of the two-passage approach. Despite the
increased computational domain, the time-to-convergence was reduced to almost a fifth with respect
to the original single-passage one.
The FA as well as the GSC models were applied to solve the high pressure transonic turbine stage CT3
and both their accuracy and computational costs were thoroughly evaluated. The FA approach with
the real blade counts would provide the most accurate results, resolving the true spatial and frequency
domain without any simplifying assumption. However, the detailed analysis of its computational
costs clearly showed as its high memory (~ 80GB) and time (~ 6000CPU hours) requirements
practically prevent its daily adoption. In the FA scaled model a reduced domain with a 2:3 blade
count ratio was considered with a pitch alterations of 2.4% and 1.6% for the stator and the rotor rows
respectively. Time-averaged performance were accurately predicted with low computational costs
but the main frequencies of the unsteady flow field were altered. The GSC results showed a fairly
good agreement with the available experimental data. Moreover, the GSC model featured affordable
memory (~ 3GB) and time (~ 270CPU hours) requirements and allowed us to accurately investigate
the unsteady rotor-stator interaction without any geometrical alteration. Such feature seems even
more strategic as far as noise or vibrating issues are becoming more and more pressing and important
for the turbomachinery industry. Therefore, the developed model appears certainly promising as an
advanced tool of industrial interest for the analysis of large multi-stage problems (as whole LPT
modules).
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