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ABSTRACT:

A three dimensional unsteady Reynolds-Averaged Navier-Stokes solver was used to perform multistage unsteady
simulations of a three and half stage compressor. Previously published research presented the simulation of the same
compressor with mal-scheduling of the variable stator vanes (VSV) and predicted a rotating stall pattern in all stages.
The nominal VSV schedule compressor was simulated to provide a reference case for comparison purposes. The
compressor’s behaviour in the nominal case seemed to behave against conventional wisdom with mass flow and
pressure fluctuations representing compressor surge. However further analysis showed that inherent design feature in
the compressor which had a highly loaded third stator was the primary cause of surge initiation, a situation which was
eased with mal-scheduling by unloading that stator. Full analysis of the simulation results of the nominal case and
discussion are presented in this paper.
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the corrected rotational speed and is typically optimised

NOMENCLATURE & ABBREVIATIONS to ensure that the compressor operates safely throughout

CDA  Controlled Diffusion Airfoils the operating range [2]. However, improper settings or
IDAC  Controlled Diffusion Airfoils mal-schedule of VSVs, due for example to mechanical
IGVs  Inlet Guide Vanes failure or control system malfunction, could lead to
R1 Rotor of the 1st Stage rotating stall or surge. It is desirable to be able to predict
R2 Rotor of the 2nd Stage flow behaviour in such scenarios at the design stage to
R3 Rotor of the 3rd Stage implement design features that minimise its impact on
RANS Reynolds-Averaged Navier-Stokes safe operation of the compressor.
S1 Stator of the 1st Stage Surge is a global phenomenon characterised by large
S2 Stator of the 2nd Stage mass flow and pressure fluctuations or flow reversal and
S3 Stator of the 3rd Stage is typically manifested by high abnormal noise. In gas
VSVs  Variable Stator Vanes turbine engine compressors, it may lead to flames
reaching the inlet severely damaging the compressor.
1. Introduction Surge cycles result from periodic filling up and emptying
During compressor start-up, the flow may pass through of_ the volume downstream _of the compressor due to
regions on the characteristic map of potential stall or ~ Mismatch between the operating speed and downstream
beyond the surge margin, which are manifested by loud pressure. On the other hand, rotating stall, which in
noise and high amplitude vibrations. A typical design many cases is a precursor of surge, is a localised
feature to control the flow either during start up or at off phenomenon to particular stages in which a compressor
design conditions is to use variable stator vanes (VSVs) ~ could operate without failure and may recover. It is
to improve stage matching. This is also complemented normally —accompanied with  circumferential ~non-
by additional bleeds during start up. The mismatch at ~ uniformity with one or more stall cells propagating
start up primarily results from the low density in the rear around the annulus at a fraction of the shaft speed.
stages. To overcome this problem, VSVs settings are The main challenge in the design of the VSVs
scheduled together with bleeds to reduce the airflow and schedule is the positional accuracy and the
thereby reduce the flow axial velocity to improve  understanding of the hysteresis behaviour of the
incidence [1]. Approaching the design point, VSVs are ~ unsteady flow [3]. Several investigations have been
gradually opened and bleeding is reduced to allow more presented in the literature, prlmarlly on the diagnosis of
flow into the compressor to achieve the desired operating VSV systems such as those by Muir et al [4], Eustace et

condition. Normally, the VSV schedule is a function of @l [5], Merrington [6] and Stamatic et al [7]. These
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mostly focused on the development of techniques used to
identify VSVs system fault rather than predicting the
flow behaviour. Goebel et al [8] investigated a number
of system faults leading to VSVs mal-schedule including
those resulting from sensors and actuator system faults.
It was found that if the VSVs failed in a fully open
condition, the engine could not maintain its operability.
If the VSVs failed in an intermediate condition, the
operating condition could be altered to cope with the
situation and may maintain operation of the compressor.

A 3D viscous time-accurate flow solver was used to
model rotating stall and surge with VVSVs mal-schedule
for the first three blade rows of an intermediate pressure
compressor by Vahdati et al [9]. In the rotating stall case,
clearly observed after 13 revolutions, the variation of the
static pressure upstream of the first rotor showed that
rotating stall was predicted with approximately 10 to 13
cells, a situation which was not observed in the nominal
case at the same operating conditions.

Previous work by the authors of this paper [10]
investigated rotating stall of the same compressor
presented in this paper with VSVs mal-schedule using
three dimensional RANS simulations. The inlet guide
vane was unchanged while the first stage stator was
closed by 15° and the second stage stator was opened by
15°, Part span spike type initiated rotating stall was
predicted in the first rotor stage. It was found that the
rotating stall also occurred in the second and third stages
which was mostly caused by the one presented in first
stage which acted as an inlet distortion to the
downstream stages, albeit in the same rotating frame of
reference. All stall cells rotated around the annulus at
approximately 50% of the shaft speed. Only one large
stall cell covering several blade passages was predicted
in all rotor blade rows. Before these simulations were
undertaken, the compressor with nominal VSV setting
was simulated at the same flow conditions with the
intention of providing a reference case. This however,
unexpectedly, showed a surge behaviour, which was
further analysed in detail and discussed in this paper.

2. Multi-stage compressor

The multi-stage compressor used in this study, the
Inversely Designed Aachen Compressor (IDAC), is a
high-speed three stage axial compressor with Inlet Guide
Vanes (IGV) and Controlled Diffusion Airfoils (CDA)
design. It was built at the Institute of Jet Propulsion and
Turbomachinery of RWTH Aachen University [11]. A
meridional view of the compressor is shown in Fig. 1.
The outer diameter is 3.87 m. The compressor has a
design mass flow of 13.4 kg/s with a total pressure ratio
of 2.03, operating at 17,000 rpm. At the design point, the
total temperature rise is 68K; the maximum relative inlet
Mach number is 0.89 and the circumferential tip speed
on the first rotor is 345 m/s. The main design
specifications are listed in Table 1. The IGVs and the
stator vanes are mounted on the inner shroud rings with
no radial tip clearances and the tip clearance for rotor
blades is less than 0.3 mm during operation which is
approximately 0.35%, 0.49% and 0.64% span for the
three rotor blade rows respectively.
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Fig. 1: View of the IDAC compressor
Table 1: Specifications of the IDAC Compressor [11]

Parameter Value
Blade design CDA
Corrected rotor speed 17,000 rpm
Corrected mass flow 13.4 kg/s
Power input 920 kW
Total pressure ratio 2.03
1% stage 1.30
2" stage 1.30
3" stage 1.22
Total temperature rise 68 K
Max. relative inlet Mach number 0.89
Outer diameter 3,870 mm
Tip speed for rotor 1 345 m/s
Height of first blade 86 mm
Height of last vane 43.7 mm
Chord length of first blade 50 mm
Chord length of last vane 26 mm
Re_chord on first blade 960,000
Re_chord on last vane 380,000

The flow in a multi-stage compressor is normally
complex due to the three dimensional nature and the
presence of stationary and rotating blades with numerous
complex flow features such as rotor-stator interaction, tip
clearance flow, viscous flow effects, upstream and
downstream influence and secondary flows [12]. The
main reason for the choice of this particular compressor
is that it only has three stages, which is adequate for this
investigation allowing full annulus 3D time-accurate
CFD simulations to be possible with the available
computing power. It reduces the complexity of a typical
multi-stage compressor thus helping in interpreting the
results. The first two stator vanes were considered as
VSVs for the purpose of this study. VSVs are normally
bolted to the casing and hub with small radial tip and
hub clearances between vanes and the wall which were
not considered for this study. Furthermore, the
availability of the geometry and flow measurements for
code validation were important factors.

3. Numerical methodology and flow model

The CFD solver used in this investigation is the in-house
code SURF, which is an implicit, time-accurate 3D
compressible flow RANS solver based on the
methodology developed by Sayma et al [13]. It has been
widely validated and used for previous rotating
turbomachinery analyses and rotating stall research [14].
It is an unstructured grid solver with the mesh cast in an
edge-based data structure for computational efficiency.
A mixture of 2" and 4™ order matrix artificial dissipation
is used to stabilise the central difference spatial
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discretisation scheme with a pressure switch that reverts
the solution to first order in the vicinity of discontinuities
to damp numerical oscillations. For unsteady flow
simulations, implicit dual time step is used with outer
Newton iteration with time step dictated by the physical
constraints and fixed throughout the solution domain.
Within the Newton iterations, the solution uses Jacobi
relaxation and is advanced to convergence using the
traditional convergence acceleration techniques such as
residual smoothing and local time stepping [15].
Semi-structured grids combining the advantages of
structured and unstructured mesh configurations were
employed in the present simulations based on the
methodology described by Sayma et al [13, 16] and
Shardella et al [17]. Stall is typically initiated by starting
from a converged steady state simulation close to the
stall boundary. The unsteady simulations are then
conducted by gradually closing a downstream nozzle
until either rotating stall or surge is observed as
described by Vahdati et al [18]. The main part of the
computational domain used for the steady state
simulations is shown in Fig. 1. The outlet boundary was
extended 12 chord lengths of the first rotor downstream
from the last stator where it is believed that uniform flow
can be assumed with minimum effect on the accuracy of
the solution. Mixing planes were used at the interfaces
between blade rows for the steady simulations, which are
used to produce the characteristic map and the last
converged case would be used as a starting point for the
unsteady simulations. Total temperature and pressure
with zero flow angles were applied at the inlet boundary
and uniform static pressure was applied to the outlet
boundary as the last stator removes most of the swirl.
For the unsteady simulations, the computational domain
used is shown in Fig. 2. The unsteady simulations were
performed at 68% speed because it is more likely that the
compressor would encounter rotating stall or surge at
off-design  conditions.  Additionally, performance
experimental data were available at this speed for model
validation. Such validations and details of the grids and
steady flow analyses have been presented by Li and
Sayma [10]. Sliding planes were used at the interfaces
between blade rows for the unsteady simulations.

Fig. 2: Computational domain of the IDAC compressor for
unsteady time-accurate simulation
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The computational domain contains approximately
25 million mesh points for the unsteady simulation and
910,000 mesh points for one single passage for the
steady state simulation. A view of mesh for rotor 1 is
shown in Fig. 3. Similar meshes were used for the
remaining blade rows. 1,900 time steps were used per
engine revolution which required 85 wall clock hours
using 32, 2.5 GHz Intel Xeon cores. The starting solution
for the unsteady simulations was the near stall point
predicted from the single passage steady state solution,
with further closure of the downstream nozzle.

Fig. 3: Partial mesh views for the first rotor

4. Results and discussions

The results from steady state simulation, including
numerical grid sensitivity, were previously discussed and
compared with experimental data by Li and Sayma [10],
and thus will not be repeated in this paper. Also in the
same paper, a rotating stall case with a VSV mal-
schedule was presented as mentioned earlier. This
discussion here focuses on the nominal case. As
discussed by Li and Sayma [14], introducing small
asymmetry of the same order of manufacturing
tolerances into the computational geometry could lead to
a much quicker onset of rotating stall or surge in the
numerical simulations allowing for significant computer
time savings. Therefore, all blades were randomly
staggered between 0.2° to create the required asymmetry.
The unsteady simulation was started from a converged
steady state solution near stall but with a further closed
nozzle downstream. It is also worth noting that steady
state simulations use single passage with periodic
boundaries from each stage while unsteady simulations
comprise the entire annulus.

The overall performance from the unsteady
simulation together with steady state solutions is shown
in Fig. 4. As mentioned above, surge is a global
phenomenon typically associated with cyclic large
pressure and mass flow fluctuations. In this case, the
compressor flow was reduced to approximately 75% of
its mass flow at the worst performance condition with
few cyclic loops including large variation in mass flow.
Therefore, it is clear that the compressor encountered
repeated surge cycles with no full flow reversal. It can be
observed from the mass flow time history shown in Fig.
5 that three similar cycles are predicted after 5 rotor
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revolutions. The mass flow varied from 2 to 8 kg/s. This
shows that one surge cycle requires approximately 2
revolutions indicating a surge cycle frequency of
approximately half the time for one shaft rotation. This
low frequency is a numerical artefact of the small
volume downstream the compressor dictated by the size
of the domain dictated mainly by computational
economy and this is of no physical relevance.
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Fig. 4: Overall compressor performance during surge with steady
state solution added
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Fig. 5: Mass flow time history for the nominal case

To capture the unsteady flow characteristics, six sets
of numerical sensors were located in the stationary
frames between all blade rows. In the axial direction,
each set has equal distance from adjacent blade rows.
For each set of the numerical sensors, which were
located at the same axial coordinates, they were placed
45° apart along 8 circumferential positions. At the same
circumferential position, there was one on the casing,
one on the hub and four equally spaced between them.
As shown in the unsteady static pressure signal in Fig. 6,
pressure variations are synchronous around the
circumference. This suggests that stall regions observed
in the rotor blade row were not rotating along the
annulus. All pressure waves have six crests indicating
six surge cycles. Three frequencies are apparent from the
Fourier transform of the signal from one of the sensors
upstream of R1 shown in Fig. 7: 108 HZ, 4820 Hz and
9530 Hz. The first is the frequency for the surge cycle
which is approximately half of the shaft rotation
frequency (193 Hz). This is accordant with the results
shown in the mass flow time history in Fig. 5. The
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second is the blade passing frequency (BPF) of R1
passing the IGV and the third is its second harmonic.
The unsteady static pressure signal time history from six
numerical sensors at different axial locations is shown in
Fig. 8. They are located at: downstream of IGV,
upstream and downstream of S1, S2 and upstream of S3.
As indicated by the dashed line, the pressure variation
started firstly from the S3 suggesting that it is mostly
responsible for the initiation of the surge cycle at this
rotational speed. This conforms to common knowledge
that surge is initiated downstream of a compressor as
explained earlier. It has also been reported in Bohne and
Niehuis [11] and Niehuis et al [12] that S3 defined the
surge limit of this compressor.

Unsteady static pressure signal (Pa)

Revolutions

Fig. 6: Unsteady static pressure signal time history from eight
numerical sensors on the casing upstream R1 for the nominal case
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Fig. 7: Fourier transform components from 1 sensor upstream R1
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Fig. 8: Unsteady static pressure signal time history from six
numerical sensors on the casing in different axial locations for the
nominal case (D: Downstream; U: Upstream)

As shown in the instantaneous circumferentially

averaged axial velocity radial profile at three different
instances in one surge cycle upstream of S3 in Fig. 9
when the mass flow rate was in the range of 5-6 kg/s
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after 9.6 revolutions. Flow blockage can be observed
near the tip and hub. When mass flow rate reduced to be
close to the lowest value after about 10 revolutions, the
axial velocity profile varies significantly from tip to hub
and the flow was stalled in the lower radial part of the
passage. This was a result of the design of this stator as
explained earlier. As reported by Bohne and Niehuis
[11], a hub-corner-stall was observed in S3 even at
design condition because the stator was originally
designed to be highly loaded. Bohne and Niehuis stated
that it was caused at 68% speed by the interaction
between the main flow and the sidewall boundary layer,
which was not accounted for in the design process.
When the mass flow reached its peak value in the cycle
after about 11 revolutions, the stalled region was cleared
out with improved axial velocity & incidence.
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Fig. 9: Instantaneous circumferentially averaged axial velocity
radial profile upstream of S3

5. Conclusions

A 3.5 stage high-speed axial flow compressor was
previously used to study the effect of VSVs mal-
schedule on compressor aerodynamics. By analysing the
steady state solutions at near stall conditions, it was
found that the first rotor is mostly responsible for the
initiation of rotating stall if the compressor is throttled
further close to the stall boundary. In this paper, the
nominal VSVs schedule case was investigated. Surge
cycles were predicted with a frequency of 108 Hz which
is approximately half of the shaft rotation frequency. S3
was found to be the main trigger of surge which agrees
with what was expected from the steady flow analysis
and other studies in the literature.
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