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ABSTRACT Wave strength

A low-order unsteady one-dimensional axial compressor
and combustor model has been developed at Cranfield
University as part of a larger unsteady gas turbine engine
model, with the ability to simulate compressor stall and surge.
The flow is resolved using the 1D unsteady Euler equations and
source terms are used to model bleed extraction (and addition),
pressure losses, and heat and work exchange. Species tracking
is used in the combustor part of the model, using a semi-
coupled approach, to keep track of the combustion products
and unburnt fuel in the main gas path. The equations are solved
using a Roe Approximate Riemann Solver, modified to handle
the high magnitude, transient source terms necessary for this
simulation. The performance of the compressor during the
transient surge event is described by a set of compressor
characteristics, including reverse flow and rotating stall
regions, obtained from a validated 3D throughflow code,
ACRoSS. To replicate the exact response of multi-stage
compressors, stage-by-stage characteristics are used during
reverse flow.

The low-order method presented is successfully verified
against ACRoSS for a high-power surge event of a coupled IPC
and HPC configuration. The rate at which the total pressure at
the outlet of the HPC collapses was calculated to be within 1%.
This approach presents a faster alternative to high-fidelity CFD
and can be used to investigate the compressor stall behaviour
within minutes during the early design phase.

Keywords: stall, surge, one-dimension, numerical model,
multi-stage, axial compressor, transient simulation.
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NRT Non-dimensional speed
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comb Combustor
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1. INTRODUCTION

The occurrence of stall and surge represents the breakdown
of orderly flow through a compressor which leads to a sudden
drop in pressure rise. This highly dynamic and transient
phenomenon leads to a loss of thrust in aero-engines and, if
sustained, is often accompanied by major engine damage. It
plagued the late 1940s and early 1950s due to the fast-paced
advancements made in compressor design towards performance
and efficiency at the expense of operability. The onset of surge
and stall was at that time seen as “pulsating flows and other
forms of unsteadiness.” [1] This kickstarted 80 years of
research into understanding and predicting the occurrence of
stall.  Although its commencement, development and
consequence on the engine is still not fully understood, the
exponential development of computational power opened the
possibility of improving the understanding of this phenomena
without being restricted by the limitations of instrumentations.
Following recent developments in computational fluid
dynamics and experimental methods, the nature of research into
stall and surge is transitioning from being descriptive to
predictive.

Post-stall behaviour can be subdivided into two types:
rotating stall and surge. Rotating stall is distinguished by one or
more cells of low axial velocity rotating circumferentially
around the compressor, at lower speed than the rotor. Surge is
instead the complete axi-symmetric flow reversal. A deep surge
can be distinguished from a classical surge when the mass flow
recorded temporarily becomes negative. In such conditions, the
compressor faces severe mechanical and thermal loads which
usually happen in a cyclic manner with high amplitudes.
Through the collaborative effort of aerodynamicists, control
specialists, structural and performance engineers, engine
compressors are now less prone to surging. However, this was
achieved at the expense of a higher stall margin which limits
the operating range and design space of compressors. Also, it
restricts research towards new compressor designs which might
be more prone to sudden stalling problems. Engine
manufacturers are hence generally constrained to start from
successful compressor designs and adapt them for different
engine configurations based on proprietary rules-of-thumb.
This approach, albeit less risky, hinders step changes in gas
turbine design. Hence, predicting compressor response, post-
stall, at low computational cost, would open the design space
and reduce testing costs as this allows for new compressor
configurations to be tested right at the initial stages of design.

Early modelling work was based on lumped parameter
models which represented components of the compression
system [2-6]. However, these models have only been used on
low-speed compressors. At higher speeds, the compressibility
effects become more prominent which reduces accuracy. Three-
dimensional through-flow models have been developed but
were only validated against experimental data from low-speed
compressors [7-11] due to the complexities associated with
simulating surge events on experimental rigs [14]. Although 3D
CFD models were set up to simulate stall in high-speed and
transonic axial compressors [12,13,31] it was only recently that

Righi et. al successfully validated ACRoSS for surge against a
S-stage high-speed rig which is representative of the front
stages of a modern high-pressure compressor (HPC) [14]. This
milestone allowed for the generation of compressor
characteristics which can be used in a low-order model.

This paper proposes a novel, unsteady, one-dimensional
axial compressor, and combustor model, for the simulation of
one or more compressors, post-stall at various power settings.
The components have been developed as part of a whole engine
simulation transient tool for shaft failure and overspeed
conducted within Cranfield University. It will help estimate
transient engine response following the sudden decoupling of
the compressor with its turbine and predict levels of overspeed
for certification purposes. The low-order compressor model
uses characteristics which includes: unstalled, stalled, and
reverse flow regions. Those compressor maps are generated
using a three-dimensional, through-flow code called ACRoSS,
Axial Compressor Rotating Stall and Surge simulator [30]. To
the best of the authors’ knowledge, this is the first published
case of a stand-alone, one-dimensional, axial compressor model
capable of simulating high power surge events for multi-stage
axial compressors.

2. METHODOLOGY

2.1 Roe Scheme

Stall and surge events consist of highly dynamic flow,
recirculating or going in opposite directions. They often lead to
steep gradients in flow properties across compressors. For this
application, Roe’s linearized approximate Riemann solver
scheme [15] is adapted to solve the Euler equations. Also, being
monotonicity preserving, Roe’s scheme avoids spurious
oscillation in locations where a discontinuity is present. Due to
its popularity, the scheme has been refined throughout the years
and applied to a wide range of physical problems [16]. The
original Roe scheme was modified to include an entropy fix to
resolve issues arising due to the computation of rarefaction
shocks [17-20].

To replicate the flow inside an axial compressor and
combustor, the Euler equations was modified to include source
terms to represent:

- fuel mass addition (Wr) and bleed (W)

- change in momentum due to secondary flow (Fg, Fr),
work addition (Fcomp) and pressure 10ss (Fcomb, Fioss)

- changes in cross-sectional area

- energy removal and addition from bleed (Hj),
compressor (SW), fuel addition (Hr) and combustion

Q.

Figure 1 illustrates a typical control volume of a
compressor and combustor.

The governing equations for this flow can be written in the
following form:

(AU) + (AF)y =S (M



Where
p
U= {pu} (2)
e
ou
F= {pu2 + p} 3)
u(e +p)

Total internal energy, e, is defined using specific enthalpy,
h, as a function of temperature and mass flow fractions to
account for combustion products and unburnt fuel. This is later
explained further.

e=E+— 4)
E=h—RT 5)
h=f(T) and H=h+% 6)

The vector S is given by the following equation and
considers changes in mass, momentum and energy associated
with the different sources.
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FIGURE 1: CONTROL VOLUME FOR A ONE-
DIMENSIONAL FLOW FOR A COMPRESSOR AND

COMBUSTOR

The governing equations assume that the changes in
properties of the main gas path, due to the introduction or
removal of fuel or bleed, become uniform instantaneously and
that complete mixing is done at the elemental control volume
itself. Also, the source terms assume that there are no
derivatives of flow variables. During 1D combustion, heat is
artificially added to the flow and reactivity of the species are
not modelled. A pressure drop within the hot section of the
combustor is defined as an input through Feomb.

The wave strengths within the Roe’s Riemann solver need
to be modified to prevent excessive oscillations of the results.
This is discussed by Roe [34]. This is a particularly important
modification due to the big magnitude of the source terms
which are introduced within just a few nodes. The wave
strengths are modified for a quasi-one-dimensional flow
governed by equation 1. From the compatibility relations in the
theory of characteristics, as outlined by Mohanraj et al., the
differential changes in flow properties can be obtained [22].
This includes the strength of the entropy wave and the left and
right acoustic waves. Hence, for a generalized quasi-one-
dimensional flow, the compatibility relations are:

dp — a*dp = Pdt (8)
along the path line,
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pua? dA

dp + padu—[— L ta £+a,8+1/)]dt (10)
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Equations for the wave strength are thus derived by first
multiplying equation 6 by — 1 / 52 and equations 7 and 8 by %dz
and then substituting in the compatibility equations 6-8. The
wave strength, as defined by equations 14-16, can then be

obtained by having its definition on the left-hand side and a
homogeneous expression on the right.

&y = o (dp — padu) (16)
i@, == (adp — dp) (17)
& = — (dp + padu) (18)

The equations for the wave strengths are modified and
obtained from equations 16-18 as follows:
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The interface flux can then be computed through equation
17 which averages, by considering the wave strength the
resulting flux at the interface between elemental control
volumes:

Fia= %(FL + Fp — Yk @il Aelex) (22)

The eigenvalues and eigenvectors of the Jacobian matrix
which considers the pair of states U, and Uy, are:

e, = {1, i—a, H—ua} (23)

~2T
e;= {1, 4,2} (24)
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A, =1 (27)
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Through an explicit, Euler forward scheme, the conserved
variables U at the next time-step can be obtained by
discretizing equation 1 as follows:

(AF)? 1=(AF)" 1

2= gi(S) (29

(AU - (AP + 1
At Ax

where g;(S) can be obtained as follows for a first-order
accurate scheme in space.

1
9i(8) = 7 (Si1 + 28 + Siv1) (30)

Although the modified simple Roe scheme presented is
only first-order accurate, literature has shown [32,33] that it is
sufficient for the purpose of this study and that further
improvement in the order would not provide enough accuracy
to justify the increase in computational cost.

To avoid the occurrence of transonic expansion shocks, the
eigenvalues are modified according to the method proposed by
Harten and Hyman [23], known as entropy fix, as follows:

7] = A |7, = 22 a
x 7 x 57
|Ak|=%+7k || <=

%:0, k=2

53, (32)

= = min{@ max[0,2(Ap — As)}, k=13

The Roe average gas properties were modified according
to the methodology proposed by Di Mare [24] which considers
the temperature and changes in static internal energy between
the left and right control volumes as follows:

¢, =C, T, = Tg )
A ER—EL 33
CV - ﬁ TL ¢ TR
~ R+GC,
7="% (34)



Due to fuel being introduced and burnt within the
combustor, the combustion products lead to a change in gas
properties. Species tracking was introduced within the
compressor and combustor model to integrate this change in
gas properties which will affect the performance of a whole
engine model. Also, the slight change in density at the nozzle
guide vane will affect the flow capacity which could lead to
noticeable changes in surge frequency. The additional species
considered are combustion products and unburnt fuel in
addition to air.

However, the introduction of two new species requires
extensive modification to the Jacobian matrix. Given that the
species are non-reactive, the “Uncoupled Approach” outlined
by Larrouturou [25] and used by [26] was integrated. This
method offers a lower computational cost and reduced
complexity compared to the fully coupled approach, at the cost
of a lower accuracy. However, this is acceptable for this
application as the total mass of the species are low compared to
the main gas path. Additionally, it has the appeal of
maintaining the mass fraction Y positive.

Considering that the species have the following
relationship where Y = mass flow of component/total mass
flow,

Yair + Yunburnt fuel + Ycombustion products = 1 (35)
Larrouturou’s uncoupled approach consists of treating the

Euler equations and an additional species equation separately at
each timestep.

(pY); + (puY), = 0 (36)

Using a frozen value of vy, the flux is calculated with

Y+
Vir = yC5* (37)
ul s =~ Ul +ully) (38)

i+
2
The flux component relating to the changes in composition
is then obtained by:

NP ifu, >0,
F41= u"1 X '

iy iy | (V)]

1
2

39
lf u?+1 <0. ( )
2

Once the U matrix is obtained from the Roe solver
(equation 29), gas properties are extracted from it as shown
below.

p = U1 (40)
— U2
u= (41)
— Us_ Ui
e= - (42)

Yoo =3, (43)
U
Yeng = U_i (44)

The static temperature is solved iteratively by first guessing it
from the specific internal energy, e. Then using the enthalpy
routine which calculates specific enthalpy using the mass
fraction of the combustion products the static temperature is
obtained iteratively through the secant method over the error

term.
e

tguess = Cp_—R (45)

_ 1-(h—Rtgyess)

T where h = f(tgyess) (46)

The static pressure is then calculated from the static
temperature using the ideal gas law.

A summary of the computational steps used to implement
the Roe scheme is shown in Figure 2. The timestep is computed
based on the Courant—Friedrichs—Lewy (CFL) condition and
the source terms associated with the compressor and combustor
are evaluated and explained in sections 2.2 and 2.4.

_ n+1 _
Timestep < Flow properties
# A
Update Boundary
Compressor Conditions
Performance
7 A
IJ Calculation
Combustor
Performance A
+ Flux due to species
consideration
Source Term 7
Evaluation
+ Flux
Transform U to F A
+ Wave Strength
Roe Averaged A
Quantities Right Eigenvectors
v A
Eigenvalues > Entropy Fix

FIGURE 2: COMPUTATIONAL STEPS OF THE MODIFIED
ROE SCHEME FOR COMPRESSOR AND COMBUSTOR ONE-
DIMENSIONAL SOLVER

The boundary conditions are fixed by specifying the static
temperature and pressure at the inlet to the compression and
combustion domain. The inlet properties can also be specified to vary



with time. However, by fixing a value, the gas properties at the inlet
remains fixed regardless of what is happening inside the domain. This
is called a “reflective” boundary which makes the flow transients
reflect inside the domain. This could lead to excessive oscillations in
flow properties propagating back and forth. Non-reflective boundary
condition allows the temporary deviation of properties from those
specified. This prevents the reflection of the waves back to the
domain.

2.2 Compressor Source Terms

Dynamic compressor performance (Feomp and SW) is
obtained through the complete compressor characteristics
which consist of the forward flow, stall and reverse flow region
as shown in Figure 3. The forward flow region consists of the
typical operating lines of NRT plotted over WRTP against PR
and TR. Conventional compressor maps are defined in terms of
non-dimensional quantities (WRTP, NRT) which are obtained
at the inlet. In steady state conditions, the reference state can be
switched from inlet to outlet, knowing the PR and TR, without
any consequence. Also, given the ease at which inlet conditions
are accurately recorded during testing, there is no pertinent
reason to change the reference state. Within the forward flow
region, given that the NRT lines tend to choke or become
vertical with higher WRTP values, it is more difficult for the
compressor solver to accurately find a PR/TR point. Also, a
small change in WRTPin would result in big fluctuations of PR
and TR being applied to the compressor domain. By switching
the reference state to the outlet, the speed lines tend to the x-
axis with increasing WRTP. Within this paper, non-dimensional
mass flow refers to the compressor’s geometrical outlet. The
boundary between normal operating conditions and stall is
defined by the surge line. They are obtained directly from the
manufacturer through extensive testing (depending on the
compressor’s design phase).

Reverse stall Forward
Flow Flow
Q:‘ h Unstalled

Axisymmetric o Characteristic

Reverse F_'O_” Characteristic -~ M’

Characteristic e
.
|~ _.-~" Rotating stall
P characteristic -
- O >
MMass Flow

FIGURE 3: COMPLETE COMPRESSOR MAP FOR
SIMULATING STALL AND SURGE IN ONE-DIMENSION

The NRT lines within the reverse flow region can be
obtained experimentally or numerically by fixing a high
pressure gradient across the axial compressor which will
maintain negative flow throughout. To generate the speed line,
various points can be obtained by varying the imposed pressure
until flow direction becomes positive. Hence the characteristic

can be drawn. The reverse flow lines usually tend to grow
vertically exponentially with increasingly negative flow. After a
highly negative flow capacity, the geometry imposes a point at
which the flow “chokes” regardless of the increasing area at
outlet. On the other end, the reverse flow characteristics can be
extended until it intersects the point where the non-dimensional
mass flow reaches zero. However, based on experimental tests
and numerical simulations, recovery happens slightly before
WRTP is zero.

The stall region is the most difficult to obtain both
experimentally and numerically. It is represented by two
distinct sets of lines which characterises the operation of the
compressor in stall namely the axisymmetric characteristic and
the rotating stall characteristic. The rotating stall characteristic
is a straight line obtained through the occurrence of mature
rotating stall points generated through the slight variation in
back pressure at a fixed rotational speed. The line overlaps the
forward flow and the reverse flow region which creates some
form of hysteresis. Rotating stall is a steady condition whereas
the line which represents the axisymmetric characteristic is not.
Koff and Greitzer [27] originally proposed the axisymmetric
characteristic after inertially correcting experimental surge data.
This characteristic is obtained by fitting a cubic curve between
the peak of the unstalled characteristic and the lowest point of
the reversed flow curve. It is a theoretical characteristic which
helps in modelling surge. To model the transition, in time,
between the two characteristics, P is introduced. It is controlled
by a first-order lag. When entering the stall region from the
reverse flow or forward flow characteristics, the flow is first
assumed to be symmetric throughout the compressor. An
asymmetric structure grows the longer the operating point
remains within this region. B is initially set at 0 and grows at a
rate defined by the lag factor. A locked in stall case will have 3
= 1. To reduce excessive numerical instabilities due to
fluctuations in the pressure rise or temperature rise obtained
from the characteristics, individual first order lag factors are
introduced within all regions of the map.

The maps used are pressure ratio, and either temperature
ratio or torque maps against non-dimensional mass flow. The
temperature ratio maps are used within the unstalled region
while torque/inlet pressure maps are used to define the reverse
flow and rotating stall characteristics. This change was made to
avoid overestimation of temperature rise due to fast transients.

Reverse flow maps and rotating stall characteristics are fed
to the solver from the ACRoSS (Axial Compressor Rotating
Stall and Surge) tool. It is a three-dimensional through flow
code developed at Cranfield University and validated [14,30]
for the modelling of rotating stall and surge in both low and
high-speed compressors. Using compressor geometry and by
running several campaigns in reverse flow and steady rotating
stall at various non-dimensional rotational speeds, those maps
are generated before being used in the one-dimensional solver.

It is common to use a single set of characteristics to
represent a whole axial compressor in a performance model.
However, during surge events, gas properties deviate much
(spanwise and radially) from the steady conditions which were



used to generate the compressor characteristics. Hence, during
flow reversal, the solver switches from using overall to stage-
by-stage characteristics. This allows for better representation of
axial flow dynamics. To ensure smooth transition between
regions, the non-dimensional mass flow, obtained at the
geometric outlet, is used to determine which region on the map
should be used. If the mass flow changes direction, the switch
is made between overall and stage-by-stage characteristics.
When only a few stages see positive flow but net flow across
the compressor is negative, an approximation of the stage
performance of those stages is obtained by estimating stage
pressure rise and torque coefficients from the overall rotating
stall characteristics. The method used to switch follows Howell
and Bonham’s simplified method [28].

Based on the calculated non-dimensional mass flow and
speed of the compressor, values of pressure rise, and
temperature rise can be obtained from the complete compressor
maps. The solver can then determine the change in momentum
and energy imparted to the flow.

2.3 Plenum Modelling

To test and run stall or surge events on single or multiple
compressors, a zero-dimensional plenum was modelled
downstream of the compressor. It is advanced in time using the
Runge-Kutta 4-step scheme with a set static pressure at outlet
boundary condition. The flow velocity inside is assumed to be
zero. The modelling is like the one proposed by Greitzer [29]
and obtained by Righi [30] who removed the adiabatic
assumption and used continuity and energy equations to
advance the state of the plenum in time.

2.4 Combustor Source Terms

The simplified one-dimensional combustor model is
divided into the cold and hot region. The volume defined
approximately matches the total space within both regions.
Combustion is modelled as heat transferred within the
combustor. Chemical reaction is not modelled due to the
extensive computational cost and complexity. Based on the
equivalence ratio the amount of combustion products and
unburnt fuel can be determined and added to the gas path.
Figure 4 gives an overview of the temperature distribution
across the one-dimensional combustion model in normal

operating conditions.
2500 K

2000 K

‘> ,_ 1500K
1000K
500K

FIGURE 4: TEMPERATURE GRADIENT ACROSS A ONE-
DIMENSIONAL COMBUSTOR MODEL USING THE ROE
SCHEME

The modelling of the nozzle guide vane has a fixed throat
area which limits flow capacity through the gas path. Static
pressure is set as the boundary condition which, in normal
operating conditions, maintains the throat choked. Changing
both the combustor volume and throat area changes surge and
stall behaviour.

Fuel is set as an input parameter to the model and based on
the inlet conditions to the combustor and its equilibrium
performance (through the Numerical Propulsion System
Simulation (NPSS)’s chemical equilibrium package), the
change in enthalpy is obtained. The heat generated can then be
obtained based on inlet mass flow.

A surge or stall event will bring the combustor away from
its normal operating conditions. During those events, the heat
generated might be overestimated. To account for uncertainties
due the one-dimensionality of the model, a combustor
efficiency for stall is introduced which can help calibrate the
combustor against the actual behaviour of an engine.

3. VALIDATION AGAINST ACROSS

3.1 One compressor in deep surge

A single multi-stage compressor representative of a high-
speed compressor was modelled in deep surge. The domain
includes a single straight duct followed by the compressor and
a smaller duct connected to the plenum. The number of cells is
increased along the length of the domain to avoid spurious
oscillations. Inputs to the solver define the geometry through
the area variation along the length and the number of cells used
in the discretization. This is illustrated in Figure 5.

Normalised Area
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FIGURE 5: ONE-DIMENSIONAL REPRESENTATION OF
THE COMPRESSOR DOMAIN

The boundary conditions are specified at the inlet of the
domain (static pressure and temperature) and the outlet of the
plenum throat where air discharges to a set ambient static
pressure. The complete compressor characteristic is inserted as
an input. The model is run from an initial guessed flow-field
until steady conditions are reached. The throttle at the back of
the plenum is then progressively closed until the compressor
surges at high speed.

For the same operating and boundary conditions, a two-
dimensional surge simulation was performed in ACRoSS. This



was chosen for speed and due to the flow being symmetrical
across the circumference of the compressor which improves
modelling fidelity of 2D models. The results were compared
and are shown in figures 6-9.
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FIGURE 6: MASS FLOW COMPARISON BETWEEN 1D
SOLVER AND ACRoSS (2D)

Figure 9 shows the progression of events from the
compressor (point 1) being in “quasi” steady state before the
surge margin being dropped to initiate surge. The transition
between point 1 to point 2 happens very rapidly as the flow
within the compressor breaks down from a state of high power
and goes into reverse flow (point 2). However due to the
presence of rotating blades, the air cannot discharge
unrestrained through the front end of the compressor. This is
shown by the vertical lines within the reverse flow region of the
compressor characteristics. Once the compressor reaches point
2, the pressure ratio across it reduces while the amount of air
reversing into the front reduces as well. The movement from
point 2 to 3 happens gradually as the pressure at the back
reduces. The compressor repressurizes by transitioning from
point 3 to 4 and if recovery is possible, the operating point will
move from point 4 back to 1.

Given a set of compressor characteristics, the one-
dimensional solver replicates results obtained from ACRoSS
but at a much lower computational cost (minutes on a regular
computer). The surge frequency, amplitude and the blow down
are nearly perfectly matched when considering the timescale.
The very small difference in the surge frequency might be due
to the differences in throttle modelling. A one-dimensional
model cannot accurately model the effective area of the nozzle
guide vane during various flow conditions as a higher fidelity
model would without the use of correction factors. Considering
figure 6, the sharp negative mass flow obtained after surge
which corresponds to the minimum value follows the same
trend in both cases which corresponds to the initial propagation
of the pressure wave. Figure 8 shows the sudden increase in
total temperature following recovery where hot air is re-
ingested.
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FIGURE 7: TOTAL PRESSURE COMPARISON BETWEEN
1D SOLVER AND ACRoSS (2D)
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FIGURE 8: TOTAL TEMPERATURE COMPARISON
BETWEEN 1D SOLVER AND ACRoSS (2D)
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FIGURE 9: COMPARISON OF SURGE CYCLE BETWEEN
1D SOLVER AND ACRoSS ON COMPLETE COMPRESSORS
CHARACTERISTIC



3.2 Two compressors in deep surge

The compressor characteristics are generated by points
obtained in quasi-steady conditions. This raises the question of
whether a one-dimensional simulation code can replicate the
performance of multiple compressors in surge using “steady”
characteristics. During the on-set of surge, the sudden loss in
pressure at the back stages puts more load on the stages which
are still in normal operation. This leads to the failure of the
front stages which are not able to sustain the sudden rise in
load. In case of surge, the compressor will go into reverse flow.
With each failing stage, the pressure wave propagating from the
back to the front end of the compressor becomes stronger
before being discharged through the inlet. Within the case
simulated, the HPC is the first one to stall which causes the
subsequent stall of the IPC. There is instantancous flow
reversal during the propagation of the surge wave.

Due to the extremely high gas property gradients
throughout the compressor, the use of stage-by-stage
characteristics was implemented when going into the reverse
flow region. This was particularly advantageous when looking
at multiple axial compressors in surge.

The verification against ACRoSS was done by considering
a typical intermediate and a typical high-power compressor
connected in series and discharging to a plenum. The total
pressure and temperature are set as boundary conditions at the
inlet of the IPC and a static pressure is defined at the throttle
exit where complete expansion of the flow is assumed. The
throttle volume is specified as 0.25 m?®. Characteristics were
obtained by ACRoSS for both compressors for rotating stall
and reverse flow at various non-dimensional rotating speeds.
The compressors are run at constant speed which is close to
design conditions to initiate a deep surge. The results are
presented in figures 10 to 13.
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FIGURE 10: IPC MAP COMPARISON BETWEEN 1D
SOLVER AND ACRoSS DURING COUPLED IP AND HP
COMPRESSORS IN SURGE
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FIGURE 11: HPC MAP COMPARISON BETWEEN 1D
SOLVER AND ACRoSS DURING COUPLED IP AND HP
COMPRESSORS IN SURGE

Starting from a quasi-steady state point, the HPC was made
to surge by slightly closing the throttle at the back of the
plenum. Being a deep surge event, the axisymmetric
characteristic is mostly used due to the speed at which the
operating point transitions from forward flow to reverse flow.
When the HPC is in reverse flow, the 1D solver follows more
closely the reverse flow characteristic provided compared with
ACROoSS which loses pressure faster. Also, the strength of the
recovery of the 1D solver is greater. Figures 10 and 11 show
this excess in WRTP during recovery within both IP and HP
compressors. This overestimation of the non-dimensional mass
flow is acceptable due to the limited amount of time that the
compressor stays in this region of the map.
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FIGURE 12: COMPARISON OF TOTAL PRESSURE AT
IPC OUTLET BETWEEN 1D SOLVER AND ACRoSS DURING
COUPLED IP AND HP COMPRESSORS IN SURGE



The pressure wave going from the HPC to the IPC outlet is
lower within the 1D solver. However, the blow down rate is
matched within 1% for both the IPC and HPC. The surge
frequency deviates slightly more. This is due to the small
modelling differences in the throttle area between the two
solvers. However, in both cases the rate at which both
compressors recover follows a similar trend.
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FIGURE 13: COMPARISON OF TOTAL PRESSURE AT
HPC OUTLET BETWEEN 1D SOLVER AND ACRoSS DURING
COUPLED IP AND HP COMPRESSOR IN SURGE

4. CONCLUSION

A novel one-dimensional code was presented for the
simulation of rotating stall and surge. A compressor model
representative of an HPC and connected to a plenum was made
to go through deep surge at high power. It is compared against
the validated through-flow code, ACRoSS. Using rotating stall
and reverse flow characteristics the comparison showed close
matching against ACRoSS. A second verification case was set
up to investigate the applicability of the 1D solver when surge
is initiated in a domain of two compressors in series. Two
multi-stage compressors representative of an IPC and HPC
were connected in series and surge was initiated by closing the
throttle. Apart from the strength of the pressure wave during
depressurization, close matching was obtained when comparing
surge frequency and amplitude. This paper highlights the value
of using a low-order model in replicating a highly dynamic
event with three-dimensional flow characteristic in only one-
dimension. It opens a wide array of opportunities to understand
surge and stall behaviour and how factors such as installation,
control and compressor design affect behaviour and response.
This can be integrated into a whole engine model and numerous
iterations are possible within a short time frame. This can open
the design space and enhance the scientific community to better
understand surge and stall which was previously known as “the
most unfortunate occurrence to befall an aero-engine
compressor”.
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