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Stage-by-Stage Poststall Compression System
Modeling Technique
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and

W. F. O’Brient
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

A one-dimensional, stage-by-stage axial compression system mathematical model has been constructed that
can describe system behavior during poststall events such as surge and rotating stall. The model uses a numerical
technique to solve the nonlinear, compressible conservation equations of mass, momentum, and energy. Inputs
for blade forces and shaft work are provided by a set of quasi-steady stage characteristics modified by a first-
order lagging equation to simulate dynamic stage characteristics. The model was operationally verified using
experimental results for a three-stage, low-speed compressor. Using the model, two studies were conducted:
one to determine the effect of heat transfer due to rapid system transients on poststall system behavior, and
the other to determine the effect of a possible design modification on overall system behavior. Results from
these studies demonstrate the use of this modeling technique in studies of compression system poststall behavior.

Nomenclature
A = area
A, = compressor cross-sectional area
A, = water (unit of measure)
a = acoustic velocity
B = “B” parameter
CV = control volume
Cx, u = axial velocity
C = specific heat of conducting metal
<, = specific heat at constant pressure
E = energy function
e = internal energy
F, = force of compressor blading
FX = force of compressor blading and casing acting on
fluid, including wall pressure area force
H = total enthalpy

IMP = impulse function

= compressor length

= mass flow function based on total condition
= pressure

= rate of heat addition to control volume
rate of shaft work

= temperature

= total temperature ratio

= time

= wheel speed

axial velocity

plenum volume

= mass flow rate

= axial coordinate

= density

= time constant

flow coefficient

static-to-static pressure coefficient
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p _Pe = B
S-§ % ") uz
Yoo = total-to-static pressure coefficient
P, — P,
P s = =——=  Forward Flow
lIJ T-s % D uz
Py, ~ P,
s = —2%—*, Reversed Flow
pu
¢T = stage temperature coefficient (stage loading
parameter)
y7=TR - 1
Subscripts
B = pertaining to bleed
e = exit conditions
i = inlet conditions
ref = reference conditions
S = static condition
S§ = steady-state condition
S-S = static-to-static
T = total conditions
T-S = total-to-static

Introduction

N most aircraft gas turbine engines, the compression sys-

tem consists of one or more aerodynamically coupled axial-
flow compressors. It is the function of the compression system
to increase the static pressure and density of the working fluid.
Without stable aerodynamic operation, the compression sys-
tem cannot deliver the desired increase in static pressure and
density. During operation of axial-flow multistage compres-
sion systems in gas turbine engines and in rigs, undesired
system phenomena known as surge and/or rotating stall, have
been observed. Of the two types of instabilities, rotating stall
is the most detrimental for aircraft gas turbine engines because
of the frequently observed inability to recover to normal op-
eration without stopping and restarting the engine. With con-
tinued engine operation, rotating stall is “‘nonrecoverable.”
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Results of several related experimental investigations can be
found in Refs. 1-5.

In experimental cases, results are often limited because of
specific test hardware and/or economic constraints. Where
more information is desired, validated compression system
mathematical models can be used to provide performance and
stability information not obtained during experimental test-
ing.

Previous compression system mathematical models have
been developed using lumped-volume techniques. A lumped-
volume approach makes certain assumptions about compress-
ibility within the system. More specifically, the lumped-vol-
ume model neglects Mach number effects, uses an isentropic
relationship to relate the time-dependent change in density
to a time-dependent change in total pressure, and uses a steady-
state form of the energy equation. Initially, models (whether
overall simulations or stage-by-stage) were limited in range
to the onset of system instability.®-® Over the last decade,
poststall behavior has been of more interest, which encour-
aged the development of numerous models capable of exhib-
iting aspects of surge or rotating stall.>~'? In general, whether
overall or stage-by-stage, poststall models have been devel-
oped using lumped volume techniques. The model presented
in this paper removes assumptions inherent in lumped-volume
models (i.e., treats compressibility explicitly) and does so on
a stage-by-stage basis.

This paper describes a dynamic compression system model
capable of exhibiting observed system behavior during post-
stall events (surge and rotating stall). In addition, the model
has the capability for providing one-dimensional information
on a stage-by-stage basis for detailed analysis of the surge or
rotating stall event within the compressor. The stage-by-stage
construction provides a means to study gas path behavior
within the compression system, and also provides a means to
analyze the effects of postulated hardware modifications on
system behavior. Described in this paper is the compression
system modeling technique and operational verification of the
model. To demonstrate applicability to current system prob-
lems, the model was used in an example analysis of a typical
system transient and to examine the effect of a possible hard-
ware modification.

Methodology

A one-dimensional, time-dependent compressor modeling
technique is presented to solve the non-linear form of the
conservation laws. Using these forms of the conservation laws
allows compressibility to be treated explicitly. The resuiting
model can be used for the analysis of planar, transient, and
dynamic effects on compressor operation and stability.

Illustrated in Fig. 1 is a representative single-spool, mul-
tistage compressor and ducting system. Included in this system
is a portion of the compressor inlet and the combustor volume.
The compressor and ducting system are modeled by an overall
control volume shown in Fig. 1b. The time-dependent inlet-
boundary condition is the specification of total pressure and
temperature. The exit-boundary condition is either the spec-
ification of static pressure or unity Mach number. The overall
control volume is divided into a set of elemental control vol-
umes.

The governing equations are derived by the application of
mass, momentum, and energy conservation principles to the
elemental control volume in Fig. 1c. In the compressor sec-
tion, a stage elemental control volume consists of a rotor
followed by a stator, and associated volume representing the
complete stage. Acting on this fluid control volume is an axial-
force distribution, FX, which is attributable to the effects of
the compressor blading and walls of the system. In addition,
the rate of heat transfer to the fluid and shaft work done on
the fluid are represented by distributions, Q and SW, re-
spectively. The mass transfer rate across boundaries other
than the inlet or exit (such as in the case of interstage bleed)
is represented by the distribution, W
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Fig. 1 Physical compression system modeled and control volume con-
cepts.

Applying the continuity principle to the elemental control
volume yields

2(pA) _ W _
at ax Wa )

where Wp is the interstage bleed flow per distributed length.
Applying conservation of momentum gives

oW _ _IUMP) | py @
at ax

where
IMP = Wu + PA
is a momentum impulse term, and

9A
FX = Fy + B5=

is an axial-force distribution consisting of blade force and the
force produced by the walls of the system.
Energy conservation yields

9 (EA) oH
A2 Hy+ SW o+
= S~ H, 0 3

where

E = p(e + u?/2); H=c,W(T, — T,); T,,=0
and H is the enthalpy associated with bleed flow.

To provide stage force and shaft work inputs to the mo-
mentum and energy equations, a set of quasi-steady stage
characteristics must be available for input to the model. These
stage characteristics provide the pressure and temperature
performance for each stage as a function of the steady airflow.

A typical set of steady-state characteristics for both pre-
and poststall operation is presented in Fig. 2. The stage char-
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acteristics are divided into three distinct regions: prestall, ro-
tating stall, and reversed flow. The prestall characteristic is
the performance of a blade row in normal operation. The
transition to a rotating stall characteristic is approximated as
a continuous characteristic along a postulated throttle line.
The performance in the rotating stall region is based upon a
flow-weighted average of a fully developed rotating stall cell.
The pressure and temperature ratios in this region represent
the average pressure and temperature rise across the stage
for both stalled flow and unstalled flow. The reversed-flow
characteristic region represents the pressure loss and tem-
perature rise associated with full-annulus reversed flow. The
discontinuity at zero flow has been experimentally shown to
exist for a three-stage low-speed compressor.® This aspect of
the quasi-steady flow characteristic has been incorporated into
the modeling technique.

The foregoing discussion of the stage characteristic has de-
scribed the principal features of the prestall and reversed-flow
steady-state performance, and the globally steady rotating
stall average performance. For prestall and poststall reversed-
flow, steady characteristics can be used as they exist. How-
ever, for a dynamic event such as rotating stall or surge, use
of steady characteristics is not necessarily correct. In the ro-
tating stall region, rotating stall develops very rapidly and the
globally steady characteristic is no longer applicable. To pro-
vide a dynamic stage characteristic, a first-order time lag on
the stage forces has been incorporated into the modeling tech-
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Fig. 2 Typical stage characteristics.
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nique in the rotating stall region only. The first order lag
equation used is

dFX :
5t FX = FX,, 4
where
FX = blade force and pressure area force of the casing

FX, = steady-state force

time constant

Q
i

This lagging technique has been previously applied to several
models using overall compression system characteristics. %12
The governing equations of the compressor modeling tech-
nique are solved numerically using the second-order accurate
MacCormack explicit finite difference scheme.!

The compressor model is not only an initial value problem
but a boundary problem as well. Because the treatment of
the boundaries can be a cause of stability problems, method-
of-characteristics (MOC) boundary formulations were em-
ployed. The numerical computational volume is divided into
three areas: inlet, exit, and interior. MacCormack’s scheme
is applied in the interior; the MOC scheme is applied at the
inlet; and either an MOC scheme for unchoked flow or an
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Fig. 3 Synthesized stage characteristics for a three-stage, low speed,
experimental compressor rig and comparison to experimental results.
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isentropic nozzle model for choked flow is applied at the exit.
A more detailed explanation of the modeling technique can
be found in Ref. 14.

Model Operational Verification

For the present studies the modeling technique described
in the previous section was employed to develop models of a
three-stage, low-pressure, compressor research rig and a
single-spool, nine-stage, high-speed compressor typical of the
core compressor of a turbofan engine. To completely validate
the modeling technique for these applications requires that
the models be exercised and compared to experimental results
over the range of intended use. However, only limited ex-
perimental data, that is, both overall and interstage data while
in rotating stall or surge existed for the three-stage compres-
sor. No experimental data for validation were available for
the modeled nine-stage compressor. In fact, it was concluded
that currently, in the open literature, there is no one set of
data for use as a validation vehicle.

The available experimental results from tests of the three-
stage, low-speed, compressor research rig of Gamache were
utilized.” Transient interstage or overall performance data for
surge and rotating stall events were not reported. However,
steady-state data were available from which stage character-
istics could be synthesized. Overall system performance dur-
ing surge and rotating stall was available from tests of a similar
system, reported in Ref. 1. Configuring the model to the
compression system is reported in Ref. 5, but comparing it
to measured overall dynamic performance from Ref. 1 pro-
vided the best available means for qualitative comparisons
for “operational verification.”

Experimental data for the modeled nine-stage, high-speed
compression system were not available, and a model-exper-
iment comparison could not be made. It is noted that the
results of a previous qualitative verification of the nine-stage
compressor'# were similar to those presented in this section
for the low-speed system.

Three-Stage Rig Simulations

The three-stage, low-speed compressor rig consisted of three
nonrepeating stages with a constant cross-sectional area an-
nulus. The hub and tip diameters were 53.63 and 60.96 cm,
respectively, which produced a hub-to-tip ratio of 0.88. Ga-
mache’s major emphasis was the study of the performance of
this compressor rig during steady reversed flow. The rig was
configured to hold a constant speed while forcing reversed
flow through the compressor. By accomplishing this for many
flow points, it was possible to obtain overall and stage per-
formance in the reversed flow region. With the previous work
of Eastland,”® a complete set of steady-state stage pressure
characteristics and corresponding overall steady system per-
formance was available for this rig.

A complete temperature rise characteristic was not given
for each stage, but energy input to the overall system was
given in terms of a torque coefficient. For the present pur-
poses, stage temperature rise characteristics were synthesized
as total temperature ratios based upon the overall torque
characteristic and two isolated flow points in rotating stall.
Temperature characteristics were synthesized which would
give the same overall torque as observed experimentally.
Lacking any other criteria for stage work division, all stage
temperature characteristics were synthesized identically.

Measured stage pressure and synthesized temperature rise
characteristics for the three-stage, low-speed, research com-
pressor are presented in Fig. 3. Pressure rise characteristics
are based upon reported experimental stage performance
measurements which described individual stage pressure be-
havior during unstalled operation, rotating stall, and reversed
flow. Stage temperature rise characteristics have been syn-
thesized as described above.
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While the referenced three-stage compression system tests
provided excellent stage characteristic data, detailed system
behavior during surge and rotating stall was not available from
either Refs. 5 or 15. However, this rig was similar to one used
in a previous experimental investigation of surge and rotating
stall.! Both compression systems consisted of three stages with
a constant area annulus. The major differences were in the
blading. The rig of Ref. 1 incorporated three repeating stages,
using NACA 400 series airfoils with a hub-to-tip ratio of 0.7,
whereas the rig of Ref. 5 (data used to develop stage char-
acteristics) consisted of three nonrepeating stages with a hub-
to-tip ratio of 0.88. The speed capability of both machines
was the same. An extensive experimental investigation to
determine system response during poststall events for a va-
riety of compressor/plenum configurations was performed with
this rig.

The compression system model was configured to the ge-
ometry specified for the compressor/plenum rig of Ref. 1, but
using the stage characteristics developed by Eastland and Ga-
mache as presented in Fig. 3. For comparison purposes, the
“B” parameter was used as a reference variable for both the
experimental compressor and the model. The parameter is
defined as

B = (URa) (V,/A.L.)" (5)

The value of the B parameter has been shown to be an
indication of whether rotating stall or surge may be expected
to occur in a particular compressor.'
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Three model cases will be compared in this paper to ex-
perimental results from Ref. 1, corresponding to B parameters
of 0.65, 1.00, and 1.58. These B parameters produced rotating
stall, classical surge, and deep surge, respectively, for the
system reported in Ref. 1.

Rotating Stall

The first experimental transient was conducted at a B value
of 0.65. The compressor rig throttle was slowly closed to the
point of instability and then held constant. The system became
unstable at the uniform flow stall point and then traversed to
rotating stall (Fig. 4).

The compressor model was configured in a similar way to
a B parameter value of 0.65 at instability initiation. The model
“throttle” was closed just enough to cause instability and then
held constant. The compressor blade force dynamic lagging
constant, 7, was set at the model boundary between surge
and rotating stall such that the overall system performance
traversed immediately to the new operating poirit indicative
of fully developed rotating stall. This modeled poststall be-
havior is presented in Fig. 5. Comparison to the general nature
of the experimental results (Fig. 4) indicates correctly simu-
lated overall system behavior.

Classical Surge

In a second test, the compressor rig of Ref. 1 was recon-
figured to operate at a B value of 1.00. In this condition, the
system exhibited classical surge cycles on the order of 1.5 Hz
as presented in Fig. 6.

The dynamic model was reconfigured to produce a B value
of 1.00. The blade force time constant, 7, was held to the
value determined in the previous simulation. Under these
conditions, the model also exhibited surge as presented in
Fig. 7. Comparing the time history of the pressure coefficients,
one can observe that the change in this parameter is similar
in nature and frequency to that observed experimentally (Fig.
6). Comparing the model results as depicted on a compressor
map, one can observe that the surge trajectories are circular
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in nature and are quite similar to those observed experimen-
tally (Fig. 6).

Deep Surge

The experimental rig of Ref. 1 was operated with a maxi-
mum reported B value of 1.58. For this experimental case, a
sllghtly different system behavior was observed. The surge
trajectory became larger with near-zero flow during the surge
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cycle, but still of the classical type. By decreasing the throttle
closure point beyond the initial surge position, it was discov-
ered that the nature of the surge cycles could be affected.
Indicated in Fig. 8 are surge cycles for the same compressor
configuration (B = 1.58), but at a more restrictive throttle
setting. This type of surge cycle has been called a deep surge.

The dynamic model was configured for a B value of 1.58.
Again, the blade force time constant, 7, was held at the pre-
vious value. The simulated throttle was decreased to a value
just small enough to cause compression system instability.
Resulting overall system response was indicative of the clas-
sical type surge as was expected.
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Further decreasing the throttle closure to 60% of the min-
imum value for system instability caused the model to exhibit
deep surge, as was observed experimentally. Modeled overall
system response is presented in Fig. 9. Model trajectories are
indicative of deep surge poststall behavior with a frequency
of 1 Hz.

In summary, the modeling technique described herein was
operationally verified by comparison with available experi-
mental results. Comparison of model overall performance
during postsurge events to the general nature of the experi-
mental results indicated correct simulated overall system be-
havior.

Parametric Studies

To indicate the unique capabilities and potential usefulness
of this stage-by-stage, poststall compression system modeling
technique, a parametric study was conducted to assess two
different effects: 1) the effect of heat transfer due to rapid
power lever transients on system poststall behavior employing
the nine-stage model and 2) the effect of tip casing treatment
on system behavior using the three-stage model.

Effect of Heat Transfer on Poststall Behavior (Nine-Stage Model)

Operation of high-speed, high-pressure ratio compressors
results in a large temperature rise through the compressor.
A portion of the large amount of energy input is stored in the
compressor blades, rotors, and disks. Thus, during engine
throttle transients as in a bodie maneuver (maximum power
to idle then back to maximum power), heat transfer between
the compressor metal and the airflow takes place. The release
of energy during the transient from maximum power to idle
causes a change in density, which produces a shift in the
compressor characteristic and lowers the stability limit.!s This
loss in surge margin can result in a compression system in-
stability during throttle readvance to maximum power.

From a modeling study, MacCallum and Pilidis'® concluded
that the following thermal effects contribute to the loss in stall
margin during reacceleration: nonadiabatic flows causing den-
sity changes due to heat transfer; changes in boundary-layer
development on the blade airfoils; changes in the boundary-
layer development near the end walls; changes in tip clear-
ances; and changes in seal clearances. For this study, only the
effect of nonadiabatic flows was considered for analysis.

An investigation by Crawford and Burwell!” quantified the
magnitude and nature of the heat transfer during turbine en-
gine bodie maneuvers using actual engine test results. A cal-
culation of stage thermal energy was made based upon the
following equation:

Qstage = mC(Tmax - Tidle) (6)
where
m = mass of the blades, platforms and seals
C = specific heat of the metal

Trax = stage total temperature at maximum power
Tiq. = stage total temperature at idle power

Stage temperature distributions were obtained from a stage
stacking model simulating idle and max power operation at
the flight conditions tested. Stage temperature distributions
for maximum and idle power, along with the corresponding
stored thermal energy are presented in Fig. 10. With a cal-
culation of transient airflow, heat transfer rates (Btu/Sec)
were calculated. Typical stage heat-transfer rates calculated
from experimental results obtained from current-day high-
pressure compressors are presented in Fig. 11. Using these
rates as a guideline, stage heat transfer rates were postulated
for a nine-stage compression system which had just completed
a bodie transient.
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The model was operated to simulate operation at 70% speed
with the throttle set such that a compressor instability would
occur. The stage force lagging constant, 7, was set at slightly
lower value than the model-determined surge/stall boundary
to ensure that surge would be the initial poststall event. (Smaller
values of 7 encourage a surge-like result from the model.) A
stage specific heat transfer was chosen for each stage based
upon the calculated temperature distribution represented in
Fig. 10. Heat-transfer rates were calculated from Eq. 6, and
were brought to their maximum level exponentially over a
time period of approximately one second, as was indicated
experimentally (Fig. 11). The postulated heat-transfer distri-
bution for the nine-stage compressor is illustrated in Fig. 12.
Since the throttle was set such that an instability would occur,
the heat-transfer rates are shown to be oscillating during the
first second of the dynamic event because the compressor was
experiencing surge during this period. However, once the
stage heat-transfer rates had reached their maximum values,
the compressor moved to the nonrecoverable state as illus-
trated in Fig. 13. Once the nonrecoverable state was reached,
heat transfer rates reduced because of the reduction in overall
airflow.

This study assumes that a compressor instability will occur
during a bodie maneuver and the model was configured to
favor this result. Even if such were not the case, the results
from the model have indicated that because of the heat trans-
fer generated within the compressor at time of throttle re-
advance, the compression system may be more likely to enter
the nonrecoverable state (rotating stall) when the system is
near the surge/rotating stall boundary.

Model
Final Heat Stage 9
Transfer Rate Stage 1
75+ During Non-

recoverable

L2

Fig. 12 Heat transfer changes during throttle induced surge cycles
of a nine-stage high pressure compressor at 70% speed.
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by Throttle Closure
£ 30 . (Heat Transfer Developing)
8
8 251
o
S 20-
&
£ 151
3 .
@ Nonrecoverable
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5 JHeat Transfer—/ , .
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Fig. 13 Effect of compressor heat transfer (blade to gas path) on
poststall behavior, nine-stage HPC at 70% speed.
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Fig. 14 Possible tip treatment modification and its effect on stage characteristics.
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Fig. 15 Postulated stage pressure characteristic modification as a
result of tip treatment.

Effect of Tip Casing Treatment on Post-Stall Behavior (Three-Stage
Model)

Once a particular compression system is designed and built,
the performance and stability behavior are fixed within certain
limits. There are only a limited number of external changes
that can be made to improve either performance or stability.
If these changes cannot produce the desired result, certain
internal or blade changes such as camber, stagger, tip clear-

ance or tip casing treatment can be made which improve -

performance and stability.

A possible change that will be considered is the effect of
some type of tip-casing treatment. Takata and Tsukuda,'®
utilizing a low-speed compressor rig, investigated the effects
of certain types of tip-casing treatment on the performance
of a single rotor row. Of the several types of treatment in-
vestigated, they found that a deep-skewed slot tip treatment
most improved the stage characteristics. Presented in Fig. 14
is the deep-skewed slot modification and the observed effect
on stage performance. Although stage pressure rise is not
increased by this technique, the amount of airflow reduction
necessary for stall to occur was extended by 20%. This pro-
vided more stall margin and reduced the chances for stall

0.7 B = 0.66 Model

0.6

0.5
0.4

0.3

Flow Coefficient, ¢

0.2

J.1 by — e e 1 e I

0 1 2 3 4 5 6
Time, sec

Continuous
Surge Cycles

Total-to~Static Pressure
Coefficient
[3,)
o

0.75 . . ' - .
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Flow Coefficient, ¢

Fig. 16 Model prediction of the effect of first stage tip treatment on
poststall behavior: B = 0.65.

occurrence. In addition, a portion of the rotating stall char-
acteristic was presented, which indicated a higher average
pressure level during rotating stall.

To evaluate the effect of such a modification on compres-
sion system poststall behavior, the three-stage, low-speed model
was chosen for study. A low-speed condition (Fig. 5) was
chosen in which rotating stall was the end result. During these
hardware modification studies, all variables (B parameter,
force lagging constant, 7, speed and plenum configuration)
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were held constant except for the changes in the quasi-steady
characteristics described below.

Presented in Fig. 15 is a postulated first-stage pressure char-
acteristic with stall margin improvement based upon the re-
sults of the deep-skewed tip-casing treatment. The maximum
stall point pressure rise is extended for a 20% reduction in
airflow, effectively increasing the stall margin for the first
stage. The rotating stall characteristic is assumed to be similar
to the original shape, but at a higher pressure, as was indicated
experimentally. With this change to the first stage only, the
modeled compression system exhibited continuous surge cycles,
rather than rotating stall, as illustrated in Fig. 16. When sim-
ilar changes were made to the second and third stages indi-
vidually, the results were nearly identical. However, when
changes to all three stages were incorporated collectively, the
compression system resisted the stall condition altogether at
the throttle setting which had previously caused instability.

Summary and Conclusions

The objective of the present investigation was to develop
and evaluate a compression system model capable of exhib-
iting detailed system behavior during poststall events. The
objective was met by the creation, operational verification,
and application of a new one-dimensional, stage-by-stage,
compression system model with poststall capability. The model
provides a tool for analyzing compression system poststall
behavior during surge and rotating stall on a stage-by-stage
basis, as well as on the overall system level.

The model solves the nonlinear form of the conservation
equations and explicitly treats compressibility. The solution
of the momentum and energy equations requires knowledge
of stage forces and shaft work not only in prestall operation,
but also during the poststall events of surge and rotating stall.
Stage forces and shaft work are represented by sets of steady-
state stage characteristics (pressure and temperature rise as
a function of mass flow rate) that are lagged by a first-order
lag equation to provide dynamic characteristics during surge
and rotating stall.

The model was operationally verified using a three-stage,
low-speed compression system for which experimental (pre-
stall and poststall) stage characteristics were available. Over-
all system poststall behavior was compared to a very similar
system for which poststall system performance results were
available. The model correctly represented poststall events
which encompassed rotating stall, classical surge, and deep
surge.

To illustrate the potential usefulness of this stage-by-stage,
poststall compression system model, two parametric studies
were conducted: one to assess the influence of heat transfer
present during rapid power lever transients and a second to
assess the effects of a possible hardware modification on
compression system poststall behavior. Results from these
parametric studies provided additional insight on the effects
of compression system behavior during poststall events.
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