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ABSTRACT

Thisarticle presents a coupling method between 1D and 3D CFD codes developed in order
to simulate a surge cycle of a compressor stage. Theideaisto use 3D URANS code to compute
the aerodynamic field of the compressor and to have 1D code and pressure loss correlations to
model the surrounding test bench facility. Thus, an unsteady aerodynamic field of the
compressor during a surge cycle can be obtained with reasonable computation costs.

Coupling methodology has been tested on an academic air flow configuration in order to
validate the model. Analysis focuses on the quality of information transmission and the
reliability of the simulation model in case of mass flow reversal.

In a second step, the simulation model is used to study instabilities in one stage of a highly
loaded axial flow compressor. Several surge cycles are ssmulated and aerodynamic fields are
analysed during surge and at minimum mass flow.

NOMENCLATURE

p density

\% velocity

Ps static pressure

E total energy

Ts static temperature

a sound velocity

Q mass flow rate

X,¥,Z x is the direction along the 1D flow and the axial direction of the compressor
tot subscript for stagnation pressure or stagnation temperature
3D subscript for values issued from 3D code

1D subscript for values issued from 1D code

INTRODUCTION

A compressor drives the fluid from low pressure zone toward high pressure zones, and that is
opposite to the natural behaviour of the fluid. Energy is provided to fluid by forcing a movement of
blades. If flow losses are high enough so that compressor blade forces cannot block any more the
movement of fluid towards low pressure regions, the mass flow is reversed. Then, the compressor
operating point follows approximately a loss line and moves to a region where it can work as a
compressor again and where the fluid flows again from inlet to outlet of the compressor. This axial
wave of mass flow and pressure is called surge. For a constant rotation speed of the compressor
rotor, this instability limits the operating range of the compressor on low mass flow side where the
pressure ratio is also the highest. Without other external action for instance on the throttle valve, this
cycle on the compressor performance map may repeat many times.
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Surge has significant impact on blade vibrationspdfimental data on surge show material
damages on blades. During a surge cycle, loadirmaoies change from stall to reversed flow very
quickly (Di Mare, 2009). Blades see a mechanicakckhvhich should be well-known to properly
predict their forced response. It is, thereforeessary to calculate 3D aerodynamic damping under
surge and that is why a 3D unsteady computatiansafrge cycle has to be done.

In 1975, Greitzer developed a 0D non-linear moaaeld on performance map which predicts
surge cycle with quite good agreement ((Greitz&d76ta) (Greitzer, 1976-b)). This model
introduced a B parameter, which predicts the tyjpmsiability (rotating stall or surge) which will
appear when mass flow is reduced. This model thkegranted that surge is a systemic instability
and does not focus on blade geometry. In his wedriiauveron ((Tauveron N. L., 2006) (Tauveron
N., 2007)) proposed a two-dimensional axisymmedpproach solving Euler equations with loss
models for each blade rows. Correlations of heas land deviation are used. These models
describe quite well surge cycle and show which mWmiting, but cannot take into account 3D
technological effects such as tip clearance effemtsnstance. Schonenborn (Schonenborn, 2004)
uses a one-dimensional approach to make a vibratmalysis. He had to estimate points of
application for the resulting forces, which arefa@tiént for every geometry. As a consequence, this
method has to be confirmed by experiments. Threeedsional models are necessary to take into
account tip clearance effect, which may often iredsigrge precursors with strong consequences on
vibration analysis (Niazi, 2000). Vahdati (Vahda#l., 2006) suggests a three-dimensional
simulation of surge with one channel per row argpecial boundary between rows allowing axial
wave passage. This method is based on hypothegisutlal waves are much more energetic than
circumferential waves. As a consequence, the meflids circumferential waves. With this
method, great CPU time is saved, and most signifishenomena are present.

Mass flow inversion may occur in a surge configjora Consequently, entrance of the domain
can become an outlet of the domain. In (Vahdati, [4005), this problem is solved by using far-
field boundary conditions, which are set to atmeshconditions. Then, all the geometry of the
engine has to be meshed. This is expensive, efigatihe mesh has to be structured. Teramoto
(Teramoto, 2008) presents a three-dimensional sithoual of a surge cycle. All the geometry of the
engine with an angular periodicity of 10° was mesHiéat results in very high computation costs.

In the present paper, code coupling is used tolabmsurge cycle of a compressor stage in a
test bench facility. The originality of the methptesented is that code coupling allows a systemic
approach and an adequate treatment of compredsbiaind outlet boundary conditions which are
difficult to determine during a computed surge ghaBdeed, at the boundaries of the 3D
compressor domain, unsteady boundary conditionerdipg on the state of the fluid upstream and
downstream of the compressor are imposed througLBk3D boundaries coupling described in
the following numerical method description secti@rlD code computes aerodynamic field in parts
of the system, upstream and downstream of the czsspr in the test bench. Thus the system
boundary conditions are set far enough from the pressor allowing pressure and mass flow
waves to travel along the whole system.

The results presented here are the first stepsstifdy aiming at analysing the behaviour of 3.5
stages axial compressor during surge. Regardingahmgpressor behaviour observed at the moment
when the test case for this study with one stageckasen (Ottavy, Courtiade, & Gourdain, 2012),
the last stage of this compressor seemed to be or@iable than the first one, for example. As
going into deep surge was the main objective; ¢itefje was chosen with the purpose to validate
that deep surge cycle of a compressor may be @esichby the proposed 1D-3D coupling strategy.

1D-3D coupling has already been developed for malecombustion engines with methods of
characteristics (Galindo, 2010). In that articlesthod of characteristic and fictive cells are used.
Good agreement with analytical solution is found.



NUMERICAL METHOD

A coupling method between a 3D turbulent CFD caald @ 1D CFD code with pressure losses
models has been set up.

The idea of coupling is that 1D and 3D codes exghadequate quantities at boundaries with a
specific time period. The 1D and 3D aerodynamitd§ieare, therefore, synchronized during the
unsteady computation allowing for example, the $athon of the propagation along the air flow
line of a compression wave travelling from one etement of the system to the other end element.
As a consequence, methodology of coupling dependbkeotreatment of boundaries for each code.

The software coupler Open-Palm developed by Cerimassed to deal with the boundary
guantities exchanged via MPI processes ((Buis, p(®é&centi, 2011)).

The Three-Dimensional Turbulent CFD Code

The 3D code used is elsA developed by ONERA (Cambigeuillot, 2008). The code solves
the unsteady Reynolds Averaged Navier-Stokes emsatwith a finite volume approach on
multiblock structured meshes. In this study, theveative fluxes are estimated with a third order
upwind Roe scheme and the diffusive fluxes witheaosd order centered scheme. The time
marching uses a Backward Euler integration scheitie am implicit phase using a scalar lower-
upper symmetric successive over relaxation methddSEOR). The turbulent viscosity is
computed with two equations model of Wilcox basadkao formulation (Wilcox, 1988).

At the inlet and outlet boundaries of the 3D compiohal domain, as the study also aims at
following pressure waves travelling along the &mwf line, the theory of characteristics is used:
Euler equations are written as a system of wavaying Riemann invariants along characteristic
directions. The flow at each interfaces of the lamg is then determined by using local
characteristic relations. Waves are classifiechaeming or outgoing according to the sign of their
velocity. If a wave is outgoing from the domaine tborresponding Riemann invariant is defined
from the 3D domain. On the opposite, if a wavenming into the 3D domain, the corresponding
Riemann invariant computed from the 1D solution ttabe provided. With this treatment of the
1D-3D interfaces, there is no need to indicate tipe of the boundary, inlet or outlet. This
treatment done by the named “classical non reftéxomundary condition available in the 3D code
elsA, was the more appropriate to handle mass feagrsal. A complementary treatment is added
to convert OD data (from 1D side) into 2D datatfoe boundary conditions application on 3D side.
By that way, effects of boundary layers or tangdrgradients are then accounted.

On one side the coupling module exchanges with3ibhenodel mean values of conservative
variables g, pVX, pW, pVz, pE) on the boundary. Tangential velocities W andave set to zero.
Constant and uniform turbulent quantities are applat coupling inlet boundaries during the
computation. Of course, this turbulent treatmermidth be improved, but at this level of the model
development, the basic treatment done allowed lastube cycle simulation thus indicating that
surge physic is dominated by mass flow and pressawes. On the other side, the coupling module
exchanges with the 1D model the quantities (PsyX}k,

The One-Dimensional Eulerian CFD code

A one-dimensional modelling of the elements surddg the compressor is used to simulate
that part of the system in which 3D effects areinggortant; as a consequence, for those parts, we
only take into account volumes and pressure lo88eshave selected for that, the 1D software GT-
Power, developed by Gamma Technologies, and whishdely used in the automobile industry.

GT-Power solves compressible 1D Euler equationstaggered grids. It is designed to simulate
for example the air circuit of an automotive moémygine modelling the different elements of the
system such as air filter, turbocharger, combustitamber, heat exchanger, etc ... Those elements
are modelled through the pressure losses they gtenétressure losses are determined by classical
empiric relations related to the specific geomatrelement. A compressor or a turbine in a system
is modelled for example by a pressure/mass flowaijpg map.



GT-Power includes User Routir, which allow the user to modify the system of equad
solved by adding for example source termto modify the values of specified quants during the
computation. The User Routines are used in theeptestudy to upgrade in time tlboundary
conditions imposed at the 1ZD coupling boundary. The 3D domaend 1D domainshave
overlapping zong which correspond ftfictive cells for GT-Power domajrbut to computational
parts for elsA domain. GPower “fictive cells” option is used, which meamsit a fictive cell is
added at the coupling end of the 1D domain. Theesbfstatic pressure, static tempere and
velocity affected to that ftove cell through coupling data exchange, are extracted a
corresponding location in theD domain. GTPower solver uses that fictive cell to compthe
boundary condition to apply.

COUPLING METHOD VALIDATION ONANACADEMIC TEST
CASE

Test Case Presentation

The case is composed ofectangular cross section p, which is 9meters lon¢ This pipe is
divided in three portions, whicére respectively 4, 1 andmreters long. Thflow in the short pipe
in the middle is simulated witblsA and the two other pipe portions aienulatedwith GT-Power.
This test case has two coupling bound: between elsA and GFewer, which could b
alternatively an inlet or an outlet depending & flow directior. The objectives of tI test are to
verify the good transmissioof mass flow and pressure waves, to validatethat the numerical
treatment done at the coupling boundaries can baamass flow reversal in the syst. A
stagnation pressure of 1 mmda stagnation temperature of 288.@i€ imposed at inlet of trair
pipe. Fig 1 shows thgeometry othis test case.

Initialization is done withtwo computations whout coupling (one for elsA a one for GT-
Power) and a first coupling computation with constaressure and temperature osed at the

extremities of the pipeConvergence is checked through mass flow andgpresonservation ithe
entire domain.
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Fig 1. Academic test case geometry. Total pressure and total temperatureimposed at inlet and outlet
of the pipefor the sinusoidal case and the reversal case.

Two validation tests othis cas are presented below.

In the firstcase, mass flow and energy covation at coupling boundaries evaluated. A
sinusoidal total pressure signapresented ofrig 1 is imposed athe pipeoutlet, boundary 4.
Coupling boundaries will have to transfer sinusoid signal@nservation of frequency ai
amplitude may be easily check

In the second case, a peakoutlet totalpressure is imposed so that mass flow is reveiFig
1). Consequentlya coupling boundary which was an inlet (resp. ¢ufter one of the codor pipe
sectionbecomes an outlet (resp. inlet). In order to awistrong reflction of waves orthe pipe



inlet boundary, boundary,la 50 meers long pipe has been addedstream of the test
configuration.

Tests on GTRPower show that results are better when a totakprerather than a stat
pressure is imposed at an outlet.

Results

Sinusoidal Test Case

Fig 2 shows total psesure in a spa-time diagram for thesinusoidal test case. It can be s
that thesignal is not distorted at coupliboundaries, whodecations are marked with dotted lin
Relative difference othe conservative quantitpE; p being the densityand E total energy, is
plotted in Fig 3. It appears thahce periodic flow is established in the whole domzafter 0.12s,
energy conservation is ensured wless than 1% of loss.

Figures Fig 4 and Fig ®cus on mass flow behaviour at coupling bounda®éspe of signal i
well respected in term of frequency, while 20% ofpditude variation is observed. Fig 5, the
relative difference of mass flow is very weak faubndary 3. After 0.01 second, relative differe
at boundary 2 is most of the time lower than 0.BU4t, when mass flow signal is an extremum,
relative difference masise to 2% which is acceptak
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On the whole, it appeatbat the coupling mod¢produces less than 2% of loss of conservat
in mass flow and enerdyr sinusoidal signals without flow revers



Reversal Mass Flow Case
Fig 6 shows total pressure a space-time diagrarihe wave of higher pressure passes thre
the coupling boundaries. Figshows difference of total press divided by reference pressure

75000 Paat coupling boundarieDifferencesare lower than 0.8% and rise the pressure wave
crosses the boundary.
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Mass flow signals at coupling boundaries are gigrrFig 8. GTPower downstream peak
pressure signal reaches Aldownstream coupling bounda3 on Fig 1before the other elsA
boundary 2. This explains the delay observed betviee mass flow signals at the boundaries
the end of the test, mass flow in the pipe stadsliat 0.6 kg/sFig 9 shows that mass flow variatic
across a coupling boundary is lower than 2% ofcthreverged value of the mass flow. At the en
the calculation, differenseare lower than 0.25%. Mass flow reversal is adhyehandled excef
close to zero mass flow value.

Mass flow at coupling boundaries
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Fig 8: Massflow at coupling boundariesfor

Fig 9: Massflow difference at coupling boundaries

rever sal mass flow test case. Boundariesare divided by Qref=0.6 kgs.

marked on figure 1.
These test validate the good behaviour at coupling boundah® signal distortion is observ

and mass flow reversal is possible. The couplinthoteis then implemented on a configuratior
a compressor stage in a test bel

APPLICATION TO A SINGLE STAGE AXIAL FLOW
COMPRESSOR

Description of Case



The fanciedtest bench studied in this paper is basedhen3Yz-stage compressor CREATE
(Compresseur de Recherche pour I'Etude des effetsddnamiques et Technologiques, (Ottavy,
Courtiade, & Gourdain, 2012)). CREATE is a highgstee compressor built by Snecma and tested
at Ecole Centrale de Lyon in LMFA. The test rigdissigned as an open loop. Upstream of the
compressor, there is a throttle that decreasesstotbd pressure and a settling chamber.

As explained earlier in this paper, for this fiegiplication of our coupling method to a more
realistic turbomachinery case, the choice was donestrict to the last stage of the compressor
with the scope of reducing computation costs aagvdhe basic lines of what might be the scenario
taking place in the complete machine. Of course,effiect of the missing stages is not accounted
therefore comparisons with existing measurememsatabe doneThis will be done in the next
step where all 3¥2 stages of compressor CREATEbeibimulated.

Preliminary Phase

A first step is to build the geometrical model béttest rig and of the compressor. For that, a
steady characteristic of the third stage is congpwigh a classical steady approach with the 3D
code elsA. Then, the 1D model of the test rig isltbwith GT-Power with the compressor
characterized by its experimental performance map.

Steady Computation with elsA

Only one channel passage per row is simulated. ¥nigniplane boundary condition is used at
stage boundary; it computes azimuthal average sabfethe conservative quantities at rows
interface and transfer Riemann invariants througdracteristic relations. On azimuthal boundaries,
a periodic boundary condition is applied; this ireplthat the hypothesis of a periodic field is done
No azimuthal instability development is therefollevaed.

The mesh is generated with the turbomachineryggiterator Autogrid (Numeca International).
A multi-domain approach is used with classical Otdpology for each channel meshing. An 0-grid
is defined around the blade to allow an accuratcrgaion of the near-wall and leading edge
regions. The construction of the mesh satisfiectmstraint of a first cell next to the wall sutiat
its height y+ is acceptable for low Reynolds comagiohs. A sensibility study on mesh has been
done by (Ottavy, Courtiade, & Gourdain, 2012). Tinesh has 634 785 nodes for rotor and 322 563
nodes for stator.
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Fig 10: Geometry of 3D domain.

Fig 11: 1D-3D coupling model of CREATE

Stagnation pressure, stagnation temperature amd dltgles are imposed at the inlet of the
domain. This pressure and temperature are closeexperimental stagnation pressure and
temperature at the inlet of the third stage in ortte have similar Mach number between
computational and experimental flows. At outletjadve law and a radial equilibrium are imposed.
Adiabatic non-slip conditions are prescribed ongbkd boundaries.

For these steady computations, convergence is\@asénrough two criteria: a balance between
the domain inlet and outlet mass flow at less th#and a minimum decrease of the equations
residuals of two orders of magnitude.

The resulting steady characteristic, plotted ickidark line, is presented in Fig 12.



Construction of GT-Powevlodel for Test Rig

GT-Power model of the test rig must correctly repre&dpessure loss in the circuit. For thai
a first model othe experimental te rig with the experimental performance maps o compressor
has been built. Pressure lossedlifferentparts of the model are tun&d order to gethe correct
nominal mass flow and pressure ler measured in the experimentte&ly characteristic ¢
CREATE is recomputedybchanging pressure loss coefficient of the valgermistream of thtest
rig.

Once the model is calibrat(pressure loss laws in different parts)tbacompressor CREATE,
stages nosimulated by elsA are substitu by their equivalent volumand lengthThe rest of the
model remains unchangethen, stagnation pressure and temperature impaoselgiaof GTFPower
model (inlet of upstream plenur are changed in order to get at thiet of the third stage of the
compressor simulated tleame 'alues in GT-Power and elsA modeldius, at the beginning «
surge cycle, theressure at the in of the compressor stage simulate a pressure level close
the pressure measured at inlet of third stage of cosspreCREATE The model ofthe test rig for
the configuration presented in this articl¢hen built.

Coupling Computations

Coupling computations are set (The time step is defined as a fractiorthe time period of the
propagation of an axial wa¥eom one end of thtest rig to the other. Th@ave velocity considere
is the nominal velocity on the steady charactexiTime stepgt; anddt,, used for the surge cycl
computations are such that the time period is dism@d with 5500 instants and 11000 insta
respectively. Theperiod of the surge cycle computed is there discretized withalmost 4500
instants withdt;. Exchange®f information betwen elsA and GT-Poweappendevery 5dt; and
10.dt,. The computation cosif one cycle withdt; is about 38 with 60 MPI tasks fc the 3D
computation.

Performance Map

The steady characteristi¢ the 1[-3D model is obtainedly changing pressure locoefficient
of downstream valve. Ausge cycle isstared when this pressure loss coefficient o high and no
steady solution can be obtainelig 12 shows characteristic obtained $tgady computatics with
elsA alone (“w/ocoupling” data or coupled with GT-Power (“‘couplingdata. The trajectory of
instantaneous performance of compressor dua surge cyclas also plotted (“surge” dai. In
figures Fig 12 and Fig 13ubscript ref relates imass flow and pressure ratio at nominal poir
characteristic computed without any coupling. Tisdivided bythetime perioc of the surge cycle.
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Fig 15: Instantaneous static pressure at the inlet and outlet
of the compressor (cyclewith dt;). Positions A and B in test
bench are explained at Fig 11.
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Fig 14: Instantaneous static pressure at
the outlet of the compressor.

Surge cycles are similar for the two time s presented. Thenty difference observed is tt
the surge cycle starts earlifor the smaller time step. However, it can be sin Fig 14 that no
significantmodification of the signs appears when thene step is reduceSo, all the detailed
analysis is done witthe results obtainc with the higher time stepit appears thi several identical
deep surge cycles are compu(eid) 13and Fig 15) with a mass flow cleargversed durinpart of
the surge. Erformance map focuses on one ce cycles. The trajectory d¢iie surge cycle is very
close to thecoupled steady characteris(labelled “coupling”on Fig 12)for high mass flows.
However, in the high mass flow part of the perfong®curve Fig 12), the pressure ratio in the el
model alone is slightly higher th for the 1D-3D coupled mode&thich accounts for the losses
the 1D parts. In Fig 12yn surge trajectonilled circle symbolsare uniformlydistributed in time;
asthe symbols are more concentrated for high masg fiee deduce that most of tisurge cycle
occurs in high mass flows regic

From (a) to (b), mass flow and pressure ratio desgeauntilstatic pressure downstream of -
stator is equal to static pressure upstream abr. From (b) to (c), static pressure decreases i
compressor. But, negative mass flow increase, arma® £ompressor works as a turbine, pres
ratio rises. A minimum reversed mass flow and maxmpressure ratio is reached at Then, as
the pressurepstream of the rotor in the test bench has ineceagpstream volumes are filling), t
pressure just upstream of the rotor increeas well At the same time, the pressure around
stator is still decreasing (downstream volumes eanptying), therefre, pressure ratio decrea
Zero mass flow point is reached and mass flow nstuo positive value. The pressure ratic
minimum at (d) At point (d), local aerodynamic of rotor is impenl and, therefore, pressure r¢
may increase again. From (d) (e), mass flow increases tihmaximum mass flow at the sor
blockage in the rotor and stator. At that maximusifive mass flow, most of the energy brough
the fluid by the rotor is converted into pressuBat, on the contrary, as pressure i<l decreasing
downstream the stator, the pressure level therenhes lower than the pressure at rotor exit.
stator is working as a “turbine stator”; the ro®choke. As a consequendbe stage pressure ra
drops from (e) to (f). Then, the prese at the stator exit starts to increase again @ {f) to (a)
pressure ratio rises, the system downstream th@mssor repressuris

Aerodynamic field

In Figure 16 the planelocatedat a fixed axial position at mid-chomf the rotor channel is
coloured by theentropy field for different timeindicated on thesmall mas flow time diagrams.
Lower entropy is represented a darker colourTwo dark contours of axial velocity are addec
the figure. The thickdark line representzero axial velocity and théin dark line the slightly
positive axial velocity.

At the beginning of surge cyclaxial velocity is reversednly in the tip clearancgap zone
close to the blade suction siflehere entropy is also higher). THlow reversion isinduced by the




tip clearance jet and the related vortex occuraegoss the tip clearance gap at the rotor blade
extremity (a). As the time increases, the revergimme extends in the circumferential direction and
covers the whole gap between the pressure sidsuwatin side of the blade channel, covering the
whole region close to the casing (b). When mass flecreases again, the reversion zone extends
toward the hub and entropy rises in the entire sbhft). When mass flow is globally reversed (d-
e-f), entropy is still high. At the beginning ofishtime region, axial velocity stays positive or th
pressure side of blades (d). However, at minimursstilow, axial velocity is positive only in the
tip clearance zone and close to the hub (e). Aetiteof the negative mass flow time, the positive
zone at hub extends toward pressure side (f). Asrsequence, mass flow rises again. Then,
positive zone of axial velocity increases from siorauntil tip clearance area (g). Once, the whole
channel (except tip clearance area) has positiia @locity, entropy reduces (h).
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Figure 16: Entropy field in an axial plane at mid-chord of the rotor and at different instants during
the surge cycle. Black dots on the small mass flow-time diagrams locate the instant in the cycle. The
axial plane location is presented on figure (i). Contours of zero axial velocity (thick dark line) and
slightly positive axial velocity (thin dark line) aredrawn.

CONCLUSIONS

A 1D-3D coupling methodology has been set up ineprid study systemic instabilities of
compressor stage. The surge cycle computed wishniwv tool gives very interesting information
on time characteristic curves and mass flow evotutihe 3D aerodynamic field has been analysed
during the surge cycle, enlightening the importaoicép clearance flow on mass flow evolution.

Access to the time evolutions of the 3D local qiteest during a surge cycle and flow figures
inside the compressor is clearly an advantage isf nlew method. Moreover, this numerical
simulation performed with a very reasonable contputecost, could provide valuable information
to the designers; for instance, for the estimatibtne blade forces during surge.

In further study, all stages of compressor CREATEle simulated.
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