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This paper describes the validation of surge simulations produced using the low-order code ACRoSS
with experimental data from a 4. 5-stage high-speed rig, representative of the front stages of a modern
high-pressure compressor (HPC). ACRoSS is an unsteady, 3D through-flow code developed at Cranfield
University to predict compressor performance during stall events. The experimental data was derived
during the Rig250 build 6B test campaign, carried out in 2016 by the DLR Institute of Propulsion
Technology. To correctly represent the surge events, the ducting of the testbed upstream and downstream
of the compressor is included in the simulation.

The results from the low-order model are compared with measurements from unsteady probes for two
surge events at design speed with different downstream plenum sizes. The surge frequency and pressure
profiles in time are closely reproduced by the low-order model. Analysis of the unsteady pressure
measurement and the acoustic waves modelled by ACRoSS indicates that the surge period is likely to
be influenced by the reflection of the initial surge wave in the inlet duct.

Using the ACRoSS model, surge can be accurately reproduced both in 3D and 2D. Two-dimensional,
axisymmetric simulations are shown to be sufficient for the cases investigated, and surge can be
simulated with a computational cost of less than one hour per event using just 40 CPUs. This represents
over an order of magnitude improvement in computational power and time required to simulate surge,
compared to traditional URANS 3D CFD.
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Experimental testing of surge, or compressor stall in general,
is very rare on high-speed multi-stage machines representative of
real engines [1-3]. Compressor stall experimental testing is ex-
tremely expensive and often limited to avoid damage to the rig
[4,5]. Flow-field and performance measurements of compressor
surge are particularly challenging due to the unsteady nature of
the event and the difficulty of measuring flow speed during re-
versal. Unsteady measurements are often limited to static pressure
taps on the casing, with massflow and pressure ratio being derived.
While valuable knowledge can be obtained from experiments on
the stall event, it remains uncertain as to how much results from
compressor rigs relate to the same geometry installed in a multi-

1. Introduction

The occurrence of compressor stall poses a great risk to the op-
eration of modern aero-engines. This paper focuses on a type of
stall called deep surge, in which the whole system operates peri-
odically in reverse flow, as shown in Fig. 1. Four phases can be
identified during the surge cycle: flow reversal, blowdown, recov-
ery, and re-pressurisation. During the flow reversal and blowdown,
the front of the engine is subjected to extreme mechanical and
thermal loads. There is therefore an interest from engine manufac-
turers in the capability to accurately predict surge and the over-

pressure it causes on the compressor casing and engine cowl, to
ensure integrity without over-designing and adding extra weight.
More in general, the capability to model rotating stall and surge
can be used to characterise the stall behaviour of a new compres-
sor, and to enhance its recoverability and operability.
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shaft engine.

High-fidelity CFD has been used to simulate stall at high-speed
in multi-stage compressors. The compressor rig presented in this
paper has been previously investigated using single passage high-
fidelity URANS simulations, reproducing multiple surge events [6].
Three-dimensional full annulus modelling of compressor surge has
been performed at Imperial College, using high-fidelity URANS
simulations [7,8]. This type of CFD offers the best resolution of
the phaenomenon, but the computational cost associated remains
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Nomenclature
E,F,G Flux vectors y Specific heat ratio
f Body force vector y Stagger angle.......oooviiiiiiiiii i rad
fn, fpr  Turning force, pressure loss force 3 Deviation ........coeviiiiiii i rad
K Body force stiffness parameter P DENSItY « ettt kg/m?3
M Mach number 0 Circumferential position............................ rad
m MassfloOW. ....oeiieii i kg/s w Pressure loss coefficient
PR Normalised pressure rise Subscripts
P, Pg Pressure, Total pressure .............coeevveeuneenn... Pa
r Radial position............coooviiiiiiiii i m IN Domain inlet flow
S Source terms vector LE Leading edge
S Blade pitch.......ccoooiiii m TE Trailing edge
Rcyry  Local blade curvature radius ...............c.cooevn.e m X Axial direction
t 1 0 1 S I, L Flow parallel and normal to blade camber-line
TR Normalise temperature rise
— . . Acronyms
U Conservative variables
u FIOW VElOCItY ...ttt e it eiiie e m/s BC Boundary conditions
Vst Settling chamber volume........................... m3 HPC High pressure compressor
X AXial POSIEION ...\t m IGV Inlet guide vane
IPC Intermediate pressure compressor
Greek letters LE Leading ed
g edge
o Flow direction...........cccveviiiiiiiiiinennnnnn.. rad RPM Rotation per minute
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Fig. 1. Example of rotating stall and deep surge trajectories on the compressor map, with phases of surge highlighted.

in the order of a day per rotor revolution using hundreds of cores
running in parallel.

To reduce the computation cost, research has focused on alter-
native, low-order models to simulate compressor stall. Simple 0D
and 1D models [3,9] have been proposed, although these normally
require some knowledge or approximation of the performance of
the compressor operating in reverse and stalled flows. The 0D
model proposed by Greitzer [10] famously introduced the concept
of the B parameter, which describes how shaft speed and plenum
size affect the compressor stall developing into a surge or a ro-
tating stall. More complex, three-dimensional models have been
proposed, with blade row performance estimated separately us-
ing empirical correlations, known as “through-flow” codes. At MIT
Gong [11] and Brand [12] developed body forces for multi-stage
axial compressors using 3D URANS simulation, although validation
was only completed for forward flow operation and not extended
to post-stall behaviour. Longley proposed a novel method to incor-
porate in the governing equations the effect of the flow separation
inside of the blade passages, which occurs at smaller scale than
what modelled by through-flow codes [13]. His code was success-
fully validated for rotating stall and reverse flow for low-speed 3-
and 4-stage compressors. More recently, Rosa Taddei developed a

2D mean-line method for the modelling of compressor rotating
stall, particularly well-suited to transonic compressors where shock
occurs within the blade passages [14]. Two new three-dimensional
throughflow codes have also been presented by Guo et al. [15]
and Zeng et al. [16] and validated for low-speed axial compressors,
demonstrating the ongoing interest in low-order stall modelling.

A three-dimensional, through-flow code has been developed at
Cranfield University called ACRoSS, Axial Compressor Rotating Stall
and Surge simulator. This code has been developed in the context
of a study on shaft failure and turbine overspeed; since in this
event the compressors are expected to stall, it was created as a
tool to predict the performances in such conditions, expressed in
characteristics [17].

The code has been validated for the modelling of rotating stall
and surge in low-speed compressors [18] and for surge in high-
speed modern compressors using data from high-fidelity URANS
CFD [19]. This paper describes the validation of the surge mod-
elling capability of ACRoSS for a high-speed compressor rig, repre-
sentative of a modern aero-engine HPC. To the best of the authors’
knowledge, this is the first published case of this type of exper-
imental validation demonstrating the applicability of the method
to compressors of commercial relevance. This paper also presents
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Fig. 2. The DLR Rig 250 test facility, including

some challenges which arose from the need to reproduce a com-
pressor rig in an experimental testbed, how this influenced the
numerical model set-up and how it affected the surge event itself.

2. Experimental set-up

The research rig investigated, Rig250 in Fig. 2, has 4.5 stages
and its geometry is representative of a modern aero-engine HPC
front block. Rig 250 is installed in the Multistage Two Shaft Com-
pressor Test Facility (M2VP) at the DLR Institute of Propulsion
Technology. The design pressure ratio is about 4.5 and the design
massflow is about 46 kg/s [3]. The rig is equipped with various un-
steady casing pressure measurements throughout the compressor,
allowing detailed analysis of the transients during surge as well as
vibration monitoring. These have been used to validate the pre-
dicted blade responses in multistage compressors [20] due to inlet
distortion [21]. Further description of this rig and the M2VP test
facility can be found in literature [22-26].

The rig has 3 set of variable geometries: Inlet guide vanes (IGV),
stator 1 and stator 2. In the test cases analysed in this article, these
were set in nominal position and did not move during the surge
events.

In this test facility, the air enters the settling chamber through
a nozzle positioned on the far side. Due to the pressure losses in
the nozzle, the pressure in the settling chamber reduces as the
massflow increases; at design speed the inlet pressure is ~30 kPa
below atmospheric. An inlet duct with a bell mouth is present in
front of the compressor, about 6 times the length of the compres-
SOT.

This test facility is equipped with a variable geometry plenum
downstream of the compressor. The back wall of the plenum can
be moved axially to increase or reduce its volume, thus modifying
the inertia of the system. In the experimental campaign consid-
ered, the plenum was set at different volumes to assess its effect
on the stall. The plenum throttle exhausts in the radial direction
into a volute which is connected to the atmosphere with a several
meters long pipe.

The compressor is instrumented for both steady and unsteady
measurements. Steady measurements include the inlet and outlet
total pressure and temperature, shaft speed, massflow, and ambi-
ent pressure; additionally steady measurements of total pressure
are available at each stator LE at multiple circumferential positions.
Unsteady measurements of static pressure are taken using multiple
sets of unsteady pressure transducers; these are positioned at the
inlet of each rotor, distributed in the circumferential direction, and
a probe is also present in the plenum. For the current work, the
signal of the transducer is pre-processed with a low-pass filter and
a constant value of ambient pressure is added to give an absolute
measurement. Due to the clocking of the taps with respect to the
blades and the drift in time of transducer measurement, the ab-
solute value is not coherent between probes at the same stage or
with steady measurements. Therefore, the focus in this work will

original image from Giersch et al. [3]. Not in scale.

be on the shape and period of the measurements during the surge
cycle rather than on the absolute value. Massflow profiles during
surge are not available, as this was measured at lower sample rate
and with probes unsuitable for reverse flow.

The compressor is driven by electric motors and during the
surge tests the rotational speed is kept constant while the oper-
ating condition is controlled by the throttle. To trigger the stall,
the throttle is closed in small steps until surge is initiated. Af-
terwards, the throttle remains constant for several cycles before
the anti-surge protection system reacts to open it again. Two surge
cases at 100% corrected speed are presented in this paper, with
the plenum set to its minimum and maximum volume; these are
referred to hereafter as Case 1 and Case 2 respectively. In an ex-
ceptional circumstance, in the maximum volume case the stall was
not triggered by throttling, but by an emergency shutdown of an
electric motor which caused the compressor to rapidly decelerate.

3. Methodology
3.1. ACRoSS through-flow code

The through-flow code ACRoSS is here presented briefly, a more
detailed description can be found in Righi et al. [17,18].

The low-order through-flow code used in this study solves the
full 3D annulus as an empty duct and employs the body-force
method to represent the effects of the blade rows. The flow is
modelled using the unsteady, 3D, cylindrical Euler equations:

0 — 10 — 10 = 0 — = —
m[U}_ rarw] raeﬁ] axm]+s+f )

Where U is the conservative variable vector, E, F, G are the
radial, circumferential, and axial fluxes, S is the source term vec-
tor and f is a vector formed by the body forces. Air is modelled
as a thermally perfect gas. The Euler equations are solved using
Godunov-style schemes, 1%t order in the axial and radial directions
and 2" order in the circumferential. The whole domain is solved
in the absolute frame of reference, and blade rotation is introduced
using the method proposed by Gong [11].

The domain is meshed automatically creating quadrilateral vol-
umes as in Fig. 3. Inside of the blade rows a turning and a pressure
loss body-force, fy and fpy, are calculated along the pseudo-
planes formed by the grid. The formulation is derived from what
proposed by Longley [13] and Brand [12] and has been further
developed to provide a robust algorithm suitable for high-speed
transonic compressors and for the unsteady flows which occur dur-
ing reversal and recovery.

P/Po

= —APp———
Ug O dx. cos B

(2)
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Fig. 3. Example of automatic grid generation with pseudo-planes and body force decomposition in axial and circumferential directions highlighted.
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Fig. 4. Flow structure in a separated blade passage in reverse flow conditions.
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The turning body force fy is a function of both the blade ra-
dius of curvature and the misalignment between flow and the local
camber-line (u; is the flow normal to the local blade camber-line
B). The total pressure loss along a pseudo-plane from LE to TE
is calculated from the pressure loss coefficient w using Eq. (4).
The losses are then distributed between the elements inside of
the blade to obtain the local total pressure loss APg, which is in-
troduced by the loss force fp; calculated using Eq. (2). The body
forces are projected normal and parallel to the local flow direction
to create the vector of body-forces in the x,r, 6 directions.

In forward flow conditions, the blade row performance is ex-
pressed as a deviation angle § and pressure loss coefficient w.
These are predicted using empirical correlations developed by
Rolls-Royce plc and applicable to modern aero-engine core com-
pressors. For stalled and reverse flow conditions instead, algo-
rithms have been specifically developed from the theory proposed
by Longley [13]; an example of the flow structure during reverse
flow is presented in Fig. 4. In these conditions pressure losses are
ignored and only the turning force fy is used, projected normal to
the blade camber-line, and not to the flow direction. The normal
force turns the flow into the blade passage and, since it is directed
against the incoming flow, it also introduces the pressure loss as-
sociated with the flow separation which occurs at the TE. All other
loss sources (skin friction, secondary flows, tip clearances) are ne-
glected as they are expected to be insignificant compared to the
separation and wake mixing mechanism [13,27].

A deviation angle is also applied in reverse flow condition at
the LE, where the flow leaves the blade passage. This is estimated
based on a simplified OD representation of the blade and is func-
tion only of the inlet flow conditions and the local blade stagger
angle. A more detailed description of this method can be found in
Righi et al. in [17,18].

To allow the formation of a-symmetrical structures during stall,
when ACRoSS is run in 3D a random circumferential distortion is
applied to the flow inside of the blade rows at constant time inter-
vals. This distortion is quickly dissipated when the compressor is
in unstalled or reverse flow conditions, while during flow reversal
and recovery it can grow and create stall cells. The distortion mag-
nitude has been calibrated through previous cases to ensure that
it is strong enough to allow the creation of asymmetric structures
during transients, but it does not have a significant impact on the
performances measured during steady state or on the overall stall
behaviour. This distortion is not introduced when the code is run
in 2D.

3.2. Model setup

The code ACRO0SS is used to produce a model representative of
Rig250 and part of the testing facility. When generating this model,
it is necessary to determine which of the components presented in
Fig. 2 influences surge behaviour and should be included in the
model, and which can be neglected.

The settling chamber is kept at sub-atmospheric conditions by
the constant flow of air through the nozzle and the compressor.
When, during surge, massflow through the compressor is reduced,
the pressure increases towards a new equilibrium. Massflow during
surge is unsteady and periodically reversing, but an average value
can be calculated in a reference period At, starting from stall in-
ception and lasting one or more cycles:

N SURGE = Jo Tundt/A (5)
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Fig. 6. Image of the plenum used in rig250 and the movement of its throttle (right)
and the corresponding model in ACRoSS (left).

Assuming constant massflow through the inlet throttle,
McHAMBER IN, We can estimate the pressurisation in the cham-
ber of volume Vs during the period At

Ap = (McHAMBER IN — TIN SURGE) * At/VsT (6)

Using the results from ACRoSS we can estimate that, during
surge, the density change in the settling chamber is <0.5% during
a period At corresponding to the largest surge cycle investigated.
The settling chamber is then assumed to have constant pressure
and is not included in the model. A small portion of the cham-
ber is included in the domain, to correctly capture the reflection
of any wave emitted by the surge event, as in Fig. 5. The total
pressure and temperature imposed as boundary conditions (BC)
are constant and set to match the last steady measurement in
the chamber before stall. All open domain boundaries use non-
reflective boundary conditions and can handle both flow entering
and exiting the domain. The bell mouth and the gas path around
the spinner are introduced as a domain with a triangular mesh,
with the method described in [19]; the singularity at r = 0 is
avoided by setting a wall domain at r = 0.01 m. The struts in front
of the compressor and at plenum inlet are not included. The main
part of the domain contains all the blade rows; bleed valves and
tip clearances are not included in the model.

The plenum is introduced as a 3D domain, rather than using a
zero-dimensional model as it is common in low-order and lumped
compressor stall models [10,13]. Due to its shape similar to a duct,
especially in the minimum volume configuration, it is unrealistic
to assume that all of the dynamic pressure is lost entering the
volume, as is implied when using a 0D model. Including the full
geometry also allows to correctly model any acoustic waves re-
flected in the plenum. The throttle is introduced using the method
previously described, correctly reproducing the movement of its
real-world counterpart, as shown in Fig. 6.

The exhaust system can be neglected with the assumption of
the plenum throttle being always choked. This is achieved by
setting the pressure at the outlet boundary to a constant low

value, 50 kPa. However, a version of the model has been cre-
ated which includes the volute/collector and the pipe connecting
to the atmosphere, to take into account the inertia of the exhaust
system, as shown in Fig. 5. The volute is modelled as an adia-
batic OD volume, assuming that all dynamic pressure of the flow
through the plenum throttle is lost. The pipe is modelled using
a 1-dimensional Euler solver, with the last recorded atmospheric
pressure as boundary condition at the far outlet.

While ACRoSS is designed to simulate compressor stall in 3D,
the results suggest that in both cases investigated the three-
dimensional effects are insignificant, and no macroscopic differ-
ence exists in performance between 3D and 2D (axi-symmetric)
simulations, Fig. 7. The three-dimensional effects include the pres-
ence of transient rotating stall, which is observed during flow re-
versal and recovery in the 3D simulation. This finding indicates
that a 2D simulation could be sufficient to model the bulk of the
performance during deep surge in a single compressor, as was also
previously observed in a high-speed IPC modelled by Righi et al.
[19]. However, when shaft speed and plenum volume are modified,
the stall event can change continuously from ‘deep’ to ‘mild’ surge,
to rotating stall. It is unknown at which point along this evolu-
tion the 3D features become relevant for a certain compressor,
although clearly 2D simulations are never appropriate for rotating
stall. Therefore, when simulating a new compressor or new oper-
ating condition the validity of 2D simulations should be confirmed
by comparison with a 3D full annulus simulation, at least for the
surge event with the highest frequency.

Having confirmed their validity for the current application, 2D
simulations are used reducing by 2 orders of magnitude the com-
putational cost. The mesh used for the simulation has 1800 axial
and 7 radial elements, the inlet domain has ~12000 elements and
the plenum has ~15000 elements. A grid convergence study is
performed following the method described by Celik and Karatekin
[28], and the grid selected is found to have a < 5% error from
the extrapolated grid independent value of massflow, pressure ra-
tio and temperature ratio. The overall domain of 39000 elements
requires ~1 hour of computation for 130 revolutions using 40 In-
tel Xeon 2.1 GHz CPUs; the 3D simulation (with 90 circumferential
elements) would instead require ~1 day per 30 revolutions with
the same computational power.

In both simulations the shaft speed is constant, no bleed valves,
variable geometries or tip clearances are included. The absence of
tip clearance modelling makes the prediction of the stall inception
and of the surge line position less accurate. However, as it was ob-
served in previous validations and in the current work, this does
not substantially affect the matching of the overall surge event
[19].

A single simulation is first run with sequential throttling
steps to create the unstalled characteristic; the simulation is then
restarted at the last operating point before the surge line and the
throttle is close by 2%, to trigger the stall. During surge the throttle
is kept constant.
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Fig. 7. Comparison of static pressure at rotor 1 inlet casing modelled using the 2D
(axis-symmetric) and 3D versions of ACRoSS. Two experimental measurements are
included for reference.

4. Results and discussion
4.1. Steady simulation

To assess the accuracy of the empirical correlations for un-
stalled forward flow, the design speed characteristics are repro-
duced and compared with what was recorded experimentally, as
shown in Fig. 8. Simulated part-speed characteristics are also pre-
sented, although the corresponding experimental data is not avail-
able for comparison. Characteristics are run from choking condi-
tions, below which corrected massflow and temperature ratio re-
main constant, to the surge line. The last operating point on the
characteristic is investigated by closing the throttle with 1% incre-
ments until stall occurs.

For the 100% NRT speed-line, the corrected massflow at de-
sign point and at the surge line is matched within 4%, while the
maximum pressure and temperature rise before surge are matched
within 3%. Additionally, for the last operating point on the charac-
teristic before stall, the total pressure at each stator LE is compared
with values measured locally by probes, matching with less than
5% error. The ACRoSS simulation overestimates the corrected mass-
flow along the 100% NRT characteristic, especially close to choking.
This is in part attributed to the fact that the model does not
include blade metal or aerodynamic blockage, and the flow can
always occupy the full annulus section.

This level of deviation from experimental performance is
deemed acceptable for the purposes of this study and the fidelity
of the code, no calibration or tuning of the empirical correlation is
performed.

4.2. Case 1 - minimum volume

Surge is simulated in ACRoSS using the choked nozzle assump-
tion and the results are shown in Fig. 9, comparing the static pres-
sure measured by unsteady pressure probes and virtual probes at
each rotor inlet on the tip. The experimental and numerical mea-
surements are non-dimensionalised using the last recorded steady
value of static pressure at the same position. The period of each
surge cycle is calculated by measuring the time between some
relevant feature: for rotors 1-3 the peaks caused by the surge pres-
sure wave peaks are used, for rotor 4 the pressure drop at the
beginning of each cycle. The characteristic shape of the pressure
profiles at each stage is correctly reproduced by ACRoSS, and the
average period is matched within 5% for 5 cycles. The simulated
profiles show realistic magnitude in all stages, although due to un-
certainty in the measurement it is not possible to quantify this.

While the results agree closely with the experimental data, the
assumption is made of constant 50 kPa at the outlet to maintain
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the nozzle choked. However, as in reality this is connected to the
atmosphere with a pipe, this is highly unrealistic. If the ACRoSS
simulation is run with the plenum discharging directly to atmo-
spheric conditions, the flow reverses into the plenum during surge
and the surge period increases by 300%, eventually developing into
a rotating stall.

If the whole exhaust system including the pipe is modelled,
when during surge the massflow in the throttle reduces, the vo-
lute will de-pressurise accordingly, as can be observed in Fig. 10.
This ensures that the plenum keeps discharging during the cycle
and the correct period is obtained; the comparison with mea-
surements is presented in Fig. 11. These results indicate that the
specific exhaust system of the facility plays a role in determining
the post-stall behaviour.

The expansion wave which is produced when the volute de-
pressurises travels through the pipe and is reflected by the outlet
to the atmosphere. The reflected wave re-pressurises the volute,
approximately 40 revolutions after the compressor stalls, causing
the next surge event to be completely different from the others.
This is a clear diversion from the experimental data, in which
surge cycles are constant in shape and size for several instances
(see Fig. 11), for this reason, the results from this model are dis-
carded after the first 2 cycles. The divergence is likely to be caused
by the simple modelling of the volute as 0D and the pipe as a 1D,
constant-area, straight domain. The real piping has variable area
and turns which gradually reflect the outgoing wave, whereas the
1D model maximises the magnitude of the reflected wave. The real
volute will recover part of the entering dynamic pressure at lower
massflow, which helps maintaining the flow in the pipe; the 0D
volute instead is assumed to always dissipate all the dynamic pres-
sure. Since the geometry of the exhaust ducting and volute is not
available and their unsteady flow was not measured, it is impossi-
ble to create or validate a more appropriate model.

4.3. Case 2 - maximum volume

When the maximum volume case is modelled using ACRoSS, a
very characteristic behaviour is observed, as shown in Fig. 12.

Two simulations are run for the same case, with the perfor-
mance of the compressor modelled slightly differently. This can be
obtained for example by a small change in the empirical correla-
tions tuning or the body force stiffness; in Fig. 12 the difference is
a 50% change in the body force stiffness (K constant in Eq. (3)). The
simulations have minimal difference during reversal and recovery
but during re-pressurisation, while the compressor is unstalled,
simulation B re-enters stall while simulation A continues until
maximum pressure rise is reached, resulting in a period ~33%
longer. The origin of the second stall inception is located in stage
4, its pressure rise during the surge cycle is shown in Fig. 12b.
Even though the overall compressor re-pressurisation phase lasts
from revolutions ~35 to 46, during this period the last stage is
operating very close to its maximum pressure rise (similar to the
pre-stall value). In this phase, a small change in performance is
sufficient to cause stage 4 in simulation B to go beyond its surge
line and re-enter stall earlier at rev. 36.

When various changes in performance are tried, the variation
in surge period is not continuous but always results within 2-3%
of one of the two simulations shown in Fig. 12. The two different
periods occur even within a single simulation with constant pa-
rameters, as shown in Fig. 13; in the same simulation one surge
has a longer period, (as in simulation A), while the other 4 have a
very similar smaller period, (as in simulation B). This indicates that
even though the operation close to the surge line lasts for over 10
revolutions, there is a particular event occurring ~ 30-32 revolu-
tions after surge began, which can trigger a new stall. A second
event, occurring after 20-22 revolutions can also be observed in-
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creasing the local pressure rise in both simulations. The nature of speed. The profiles are non-dimensionalised in time using the ro-

these events this will be further discussed in Section 4.4. tational speed before the deceleration start; therefore, as the rig

Simulations A and B, obtained using the model with the ex- slows down the period indicated remains a measure of time and
haust system, are compared with the experimental measurements, not of the number of revolutions. The traces from the unsteady
as shown in Fig. 14. Even though the experimental rig was decel- pressure transducers highlight that two specific periods exist for

erating during case 2, all ACRoSS simulations are run with constant the surge cycle, similar to what was observed in ACRoSS. The re-
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simulation B (left), Case 1 (right).

sults from the model are then compared by aligning simulation A
with the longer cycle and simulation B with the shorter. ACRoSS is
found to reproduce very closely the specific shapes of the pressure
traces, with the surge periods matched within 10%. For both sim-
ulations the magnitude of the pressure oscillations has a similar
range to the measured values.

In Case 2 the compressor stall is triggered by an emergency
shutdown of one of the motors and the compressor decelerates
during the event, with a reduction of about 12% RPM obtained in
the time considered. It is reasonable to assume that the compres-
sor performance reduces continuously with speed, but the surge
cycles observed switch directly from one period to the other and
remain constant for the last four. These results indicate that while
surge frequency depends on the performance, it does not vary
continuously with it, changing instead between two possible out-
comes. This is similar to what is observed in ACRoSS, suggesting
the presence in the experiment of the same event occurring ~30
revolutions after stall inception which controls the period of the
shorter surge cycles.

It is not certain if in the experimental rig the first surge cycle
is always longer than the others, as a case with decelerating shaft
did not occur again in the campaign. The authors propose as an
explanation that, as it was modelled in ACRoSS, the last stage of
the experimental rig is operating close to its surge line. The event
observed ~30 revolutions after the beginning of the cycle does
not trigger a new surge the first time, when the compressor is
running at full speed. However, as the rotational speed decreases
the compressor performance and surge margin reduces and, in all
subsequent cycles, this event always causes a new stall.

It should be noted that in the experimental data the change
in performance is due to the decelerating compressor while in
ACROSS it is caused artificially by modifying the parameters of the
body force models. Despite this, the physical behaviour through
which the change in performance affects the surge period remains
the same. In particular, ACRoSS correctly simulates the 4" stage
operating close to its surge line during re-pressurisation, and cor-
rectly predicts the event that causes the local pressure rise increase
at a specific time during surge. The accurate modelling of the
performance of each stage is therefore critical to reproduce the
surge behaviour of Rig250; this event could not be reproduced by
lumped models using overall compressor characteristics.

4.4. Interference with inlet duct

Highlighted in Fig. 14 are a set of peaks of low pressure
which occur in every cycle with the same timing at rotor 1 in-
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let, these are observed both in experimental measurements and
in the ACRoSS simulations. In the first cycle the third drop occurs
during re-pressurisation without any consequence, but in the later
cycles it is always immediately followed by a pressure peak caused
by the new stall. The 2" and 3™ pressure drops coincide with the
two events observed in ACRoSS in Fig. 12. As seen in the pres-
sure traces of Case 2 (maximum volume), presented in Fig. 15a,
these peaks are caused by the pressure at compressor inlet oscil-
lating three times around the value in the settling chamber, down
to a ~60 kPa de-pressurisation with respect to the atmosphere.
The pressure in the settling chamber (at O in the figure) remains
constant due to its large volume, whereas the choked plenum can
change its pressure freely. As a result, the pressure of the whole
compression system oscillates together with the value at inlet. Ob-
serving the pressure evolution in the bell mouth, we can identify
an expansion wave moving towards the compressor just before
stall occurs. When an expansion wave travels downstream through
the compressor it increases locally the load, causing the two events
in the 4™ stage.

The pressure oscillations at compressor inlet are driven by the
reflections of the first surge wave emitted. Although there are mul-
tiple changes in the inlet cross-sectional area, causing overlapping
reflections, the timing appears to be controlled by the duct length,
with the 3™ peak of low pressure occurring always ~30 revs after
the initial surge wave.

The same investigation is also performed on Case 1 (with the
minimum volume), and the pressure in the inlet duct is shown in
Fig. 15b. In this case, we can observe that the pressure at com-
pressor inlet is again oscillating around the value in the settling
chamber, with the next stall inception occurring when the 24 ex-
pansion wave reaches the compressor. Therefore, while the smaller
plenum volume influences the surge cycle making it shorter than
Case 2, the exact period is very likely to be determined by the in-
let duct length. The new stall is triggered by the 2™ wave, instead
of the 3™, making the period shorter than Case 2. This hypothe-
sis is further supported by the fact that the pressure rise in Case 1
does not return to the maximum value in every cycle, but the re-
covery is interrupted by the next stall inception, as can be seen in
the rotor 4 measurement in Fig. 9.

In both cases the initial surge wave instantly reverses the flow
in the inlet duct up until the inlet boundary, however the hot gas
generated by the blades in reverse flow remains confined in the
inlet duct and is convected downstream when recovery occurs. All
of the hot gas is expelled through the plenum nozzle before the
start of the next surge cycle.
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ACRoSS was previously used to model surge on a different ge-
ometry, presented in Righi et al. [14], Fig. 16. In that article, the
simulation form ACRoSS was compared and successfully validated
with high-fidelity URANS 3D simulations, performed at Imperial
College London using the code AU3D Zhao et al. [7]. In that case
the opening in the inlet duct was less than a compressor length
away from the IGV, and the initial surge wave was reflected more
than 5 times in the inlet before recovery occurred. As a result,
the inlet pressure was practically constant during recovery and
re-pressurisation, and could not affect the surge. The long, mostly
straight duct used in Rig250 instead, causes the inlet pressure to
oscillate slowly and with large magnitude, interfering with the
surge cycle and locking it into a specific period which is a func-
tion of inlet geometry.

To further verify this conclusion, Case 2 is run again using a
50% shorter duct, constant speed and choked nozzle. During the
first 30 revolutions after surge begins, 6 pressure oscillations can
be observed at the inlet (double compared to the case with the
original duct). As a result, the oscillations are dampened before
the re-pressurisation phase of the cycle and, without any trigger-
ing wave, the compressor always returns to the maximum pressure
rise before the next stall. All 5 cycles simulated lasted around 39
revolutions, similar to Case 2 Simulation A. This suggests that the
surge behaviour can be made independent from the inlet duct by
reducing its length.

The correct modelling of the surge wave reflection is a capabil-
ity critical for the modelling of the post-stall behaviour of Rig250.
To obtain this level of simulation matching in ACRoSS, the inlet
duct and the transition into the settling chamber had to be in-
cluded in the domain, see Fig. 5. Simpler lumped models, or any
model not considering the ducting geometry, would be unable to
correctly reproduce the dependency of the surge period form the
wave reflections.

5. Conclusions

The unsteady through-flow code ACRoSS has been validated us-
ing unsteady pressure measurements of two surge events from
a high-speed experimental rig, demonstrating the applicability of
this low-order model to commercially relevant aero-compressors.
A close matching is obtained for both cases in the shape and
period of the pressure traces at each stage. Two-dimensional, ax-
isymmetric simulations are found to be sufficient for the cases
investigated, and the code can provide accurate surge simulation
with a computational cost of less than an hour per event on 40
CPUs.

The validation of the ACRoSS model has allowed to investigate
the effect that the testbed ducting has on the post-stall behaviour.
To correctly reproduce the surge event, the inlet bell mouth, the
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plenum, and the exhaust piping connecting to the atmosphere had
to be included in the model.

An unusual behaviour was observed in the surge frequency for
the maximum volume case, both in the simulation and in the ex-
perimental data; this was investigated using the unsteady model.
In this surge event the compressor decelerates in time but, after a
first longer cycle, all the subsequent surges have a constant shorter
period. The results indicate that the long ducting in front of the
compressor causes the pressure of the whole system to oscillate
around the value in the settling chamber. This oscillation increases
periodically the compressor loading, with timing controlled by the
inlet duct length and geometry, causing stall to be the triggered al-
ways at a specific moment in time. In the maximum volume case,
stall is triggered at the third oscillation, in the minimum volume
case this occurs at the second.

These findings highlight the importance, when testing surge ex-
perimentally or numerically, of carefully selecting the geometry
and distance between the compressor and the settling chamber (or
atmosphere) to be representative of the real geometry of interest.
The handling of the exhaust from the compressor can also heavily
influence the post-stall behaviour, especially if a sub-atmospheric
inlet pressure is used.
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