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ABSTRACT

Modeling compression systems using parallel compressor
theory has been used for the analysis of compression
system operability since the 1960s. Parallel compressor
models have been traditionally designed and used for the
analysis of circumferential distortion effects as a means to
evaluate the impact of various inlet flow field disturbances
on compressor operation.

This paper (the first of two) provides a review of the paral-
lel compressor concept and discusses extensions to the
original theory. These extensions include the incorpora-
tion of dynamic response, application to complex distor-
tions, and the application to inlet swirl. Understanding
these effects and the application of parallel compressor
theory extensions is required to produce analytical mod-
els and computer simulations that can be used to en-
hance the development testing and the understanding of
the response of gas turbine compression systems. Once
a computer simulation has been constructed for a particu-
lar test article, it can be exercised and results compared
against test results where distortion-generator devices
(such as distortion screens) have been used, generally
with favorable accuracy. The usefulness of the extended
parallel compressor model is derived from its ease of use,
simplicity, and ability for quick turn-around of results. It is
often more desirable to have an analysis capability that is
easy and quick to use than to have one that is extremely
accurate, especially when understanding basic physics is
of primary concern during a test operation. Extreme ac-
curacy may require large amounts of computer resources
and take days or weeks to compute a single performance
point. While this may be acceptable for design, the limita-
tions of high-fidelity simulations make them impractical to
use due to the time constraints imposed by the pace of
testing. Applying a timely analysis capability, using a par-
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allel compressor simulation can provide a new physical
understanding of the effects of complex distortion during
the testing process when comparing the analytical and
test results. This concept is presented in two companion
papers: the first paper, Part 1, concentrates on the paral-
lel compressor concepts, theory and limitations of the
methodology while the second paper, Part 2 [1] presents
applications of the approximate methods developed and
compares results with experimental data.

INTRODUCTION

The effects of distorted inflow to turbomachinery have
been a concern since the early days of engine installa-
tions. Whether stationary power units or aircraft engines,
designs are performed assuming a particular inlet flow
characteristic. Variations in the inlet total pressure, total
temperature, or flow angle from the design flow character-
istic all have an effect on the operation of the tur-
bomachine. The characterization of these effects has
been a continuous effort for turbomachinery designers
since the early days. Many attempts to characterize the
variations and the performance effects of distorted inflow
have been made, with a variety of successes. The goal
of this paper is to review the known technology and to
discuss extensions to the parallel compressor model that
can be made to provide a useful tool for the analysis of
not only simple distortion but complex distortion as well.

NOMENCLATURE

c absolute velocity
h  specific enthalpy
P,p pressure

S entropy

t time
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temperature

internal energy, velocity
blade velocity

average relative velocity
relative velocity

s<ccH

p density

8 circumferential extent

APc/P circumferential pressure distortion intensity
APr/P radial distortion intensity

ATc/T circumferential temp. distortion intensity

Subscripts

avg average

b  blade

i ring counter

n number of measurement probes in the inlet
system, or Fourier coefficient counter

o  stagnation property

r radial

rel relative
REF reference

S static

ss steady state
T,t total

X coordinate
q tangential

HISTORICAL PERSPECTIVES

With the earliest engines in the 1930s, the prime con-
cerns addressed were of the turbomachine itself, and oth-
er than trying to maintain a “smooth” flow into the ma-
chine, inlet/engine integration was not a big concern. As
the development of the gas turbine engine proceeded into
the 1940s and 1950s, the issues associated with inlet flow
regimes began to arise. Largely during the 1960s, it was
recognized that the total pressure conditions of the inlet
flow had an effect on the performance of the tur-
bomachine and designers attempted to characterize the
inlet flow conditions with respect to the operation of the
engine. The fact that a total temperature variation could
be an issue was not recognized until military applications
developed to the point where gun gas ingestion and rock-
et gas ingestion became an issue. Later, inlet swirl ef-
fects due to the shape of the inlet itself became recog-
nized as another initiator of compression system stability
problems.

The first basic work that started to examine compres-
sion system stability and dynamics as a function of inlet
total pressure variation was that of Pearson and McKen-
zie [2], who first proposed the parallel compressor theory.
This theory proposed that a compression system under
the influence of a total pressure distortion (of a one-per-
rev form) could be treated as two compressors operating
in parallel. Each of the “parallel” compressors would op-
erate as if each were under undistorted flow conditions,
with one inlet corresponding to the original compressor’s

distorted side and the other corresponding to the original
compressor’s undistorted side. The two “parallel” com-
pressors are assumed to discharge to the same static
pressure. This technique of analyzing inlet distortion as-
sumes that the compression system responds to changes
in inlet flow conditions in an instantaneous manner.
Several years later, Reid [3] showed that for small
circumferential extent inlet distortion patterns, the parallel
compressor model did not hold true. He concluded that
there must be some critical angle of circumferential extent
for a compressor to respond in an instantaneous manner.
Figure 1 is a depiction of the parallel compressor model
with and without Reid’s concept of a critical angle. It is
easy to see the logic of Reid’s concept, which depicts the
loss in pressure ratio at the compressor stall point at zero
circumferential extent distortion as being zero. However,
at some angle between 0 and 360 degrees, the loss in
stall pressure ratio is a maximum. At 360 degrees, what
is distorted doesn’t look distorted at all (since the inlet
flow is uniform) and the compressor and the loss in com-
pressor pressure ratio at stall is again zero. More on the
critical angle concept will be discussed later in this paper.
From the time of Reid’s work through the mid-1970s,
manufacturers of gas turbines characterized inlet total
pressure distortion with correlations developed from test
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Fig. 1 Parallel compressor theory prediction with
and without the critical angle concept [22,
28]
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data, mathematical analysis, and simple attempts at mod-
eling. During this time, so many ways of describing inlet
total pressure distortion developed that it was not possible
to communicate between engine manufacturers, airfram-
ers, and customers. Several key works were produced,
among them that of Kimzey [4] and Adamczyk and Carta
[5]. A committee was formed as a working group under
the auspices of the Society of Automotive Engineers
(SAE), called the S-16 Committee, made up of represent-
atives of the engine manufacturers, airframers, and cus-
tomers. As a result of the work of this committee, an aer-
ospace recommended practice (ARP) document was de-
veloped and given the annotation of ARP-1420 and titled
“Gas Turbine Inlet Flow Distortion Guidelines” [6]. Alt-
hough the methods proposed in the ARP-1420 document
were jointly developed, at the time, no engine manufactur-
er stopped using their own descriptors and this just added
another method to the confusion.

To evaluate and compare all the distortion indices and
clear up some of the confusion that existed, the Navy
sponsored work at Virginia Tech’s Center for Tur-
bomachinery and Propulsion Research to evaluate twelve
different distortion indices and the parallel compressor
model. This work was performed by Campbell [7] and is
a key piece of work in the evaluation of distortion indices.
Twelve indices were evaluated, including

the common AP/Pavg indices,

the Rolls Royce 6 critical indices,

the NAPC K6 index,

the AVCO Lycoming DI and Dlc indices,

the Garrett AiResearch CDI index,

the Pratt & Whitney KD, index,

the Pratt & Whitney Ka, index,

the General Electric Method D system, and,
the ARP-1420 method.

©CENOORA~WN=

Statistical methods were used to determine the accu-
racy of all the indices. The data used with all the indices
included data from the J85-GE-13 turbojet, the TF30-P-3
turbofan, and the T64-GE-6B turboshaft engine. No sin-
gle index produced the best results for all the data sets,
but the ARP-1420 method did provide consistently good
correlations. This work helped to set the direction and
use of the ARP-1420 methods as a key technique in the
industry. Significant references supporting the develop-
ment of distortion indices are provided in Ref. [7]. In 1983
the Aerospace Information Report number 1419 (AIR-
1419) [8] was published. This document discusses many
aspects of inlet distortion, summarizes the ARP-1420 pro-
cedure, discusses instrumentation, and provides guide-
lines for the production of engine analytical stability as-
sessments.

While total pressure distortion was the main emphasis
for many years, total temperature distortion later became
an area of concern as military applications with gun and
rocket gas ingestion, vertical take-off, and aircraft carrier
operation (steam ingestion) became issues. In commer-

cial applications, ingestion of the exhaust from other air-
craft (runway situations) and thrust reverser operation
indicated the importance of total temperature distortion.
In 1991, the S-16 Committee produced an aerospace re-
source document (ARD) on temperature distortion [9],
which presented an analysis technique similar to that of
total pressure distortion.

For over thirty years, airframers and engine manufac-
turers have defined an aerodynamic interface plane (AIP,
often at the engine front flange) as a “connection point”
for the airframer’s inlet design and the engine manufactur-
er’'s engine. Characteristically, the engine distortion toler-
ance requirements and the inlet distortion generated by
the inlet and airframe have been satisfied at this inlet
plane. It has become apparent in recent work, that this
“piecewise” integration of the inlet and the engine is not
the best way to develop the engine system. Better inte-
gration of the inlet and the engine (rather than just pass-
ing-off information at the AIP) is possible and necessary
for future advances in system performance and engine
stability. However, the information produced at the AIP is
still valuable, as it provides a common interface at which
to discuss flow properties, measurements, and analyses.
It is at this interface that the parallel compressor model is
implemented.

MATHEMATICALLY DESCRIBING AND ANALYTICAL-
LY SIMULATING THE FLOW PHYSICS OF INLET DIS-
TORTION

Total pressure distortion, total temperature distortion,
and swirl are all significant contributors to the degradation
of stability margin in an engine [10]. There are various
methods that can be found to analytically simulate inlet
distortion conditions and their effect on compression sys-
tem stability (such as the CFD work by Gong [11], Chima
[12], Hale [13], and others), but often these methods are
too complex and take too long to set up and run if looking
for guidance related to system interactions during a test
program. In cases such as these, the parallel compressor
model is still a useful tool, but it requires some enhance-
ments and extensions beyond the basic parallel compres-
sor model previously discussed. These enhancements
and extensions are best developed in concert with today’s
commonly used distortion descriptors (the SAE de-
scriptors) so that a commonality is maintained in describ-
ing the true flow physics in both the test data and the sim-
ulation results.

THE TOTAL PRESSURE DISTORTION DESCRIPTOR,
FOUND IN ARP-1420

Examination of all the well-known distortion de-
scriptors presented in the work by Campbell [7] shows
that all the descriptors have one thing in common. That
is, they all attempt to describe the total pressure inlet dis-
tortion by describing not only the amount of the pressure
degradation (the intensity), but also the shape of the dis-
tortion pattern. This shape is important because it is di-
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rectly related to the time response of the inlet/engine inte-
grated system. In ARP-1420, the distortion intensity is
divided into two important physical values, the circumfer-
ential intensity (APc/P) and the radial intensity (APr/P).
The circumferential distortion intensity is defined as

(APC/P)i = (Pavgi = Pavg Iowi) / Pavgi (1)
360
Pavgi = 1/360) . [P(8) d®@ = ring average pressure (2)

and (area under the line between 0 and 360 degrees)

Pavg lowi = (1/ e-i) .[P(e)l dé (3)

8i (area under the line between 64 and 62)

where i denotes the “ring” and the extent of the distor-
tion is ;" as shown in Fig 2.
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Fig. 2 Distortion description used in ARP-1420 for
the calculation of circumferential pressure
distortion intensity and defining the circum-
ferential extent of the distortion [6]

Fig. 3 Typical inlet rake setup defined in ARP-1420
[6]

This is measured on a ring of probes on a set of inlet
rakes as shown in Fig. 3. ARP-1420 suggests a rake set
made up of 8 rakes with 5 probes on a rake. This is dis-
cussed as a “typical” array, and many people read this in
error as a requirement. It is not a requirement, but a sug-
gestion of a configuration that works for inlets that have
predominately one-per-rev flow features. Most of the ear-
ly military inlets with high length-to-diameter (L/D) ratios
fall in this category. In the work on the T800 engine in
Refs. [14, 15], an array of 10 rakes with 4 probes per rake
was used, because of the annulus configuration of the
inlet. What is important is that the probe configuration is
adequate to measure the flow patterns without missing a
significant flow detail and without causing too much block-
age. In addition, the number of rakes determines the har-
monic content that one is able to calculate, as discussed
in Ref. [10]. In some cases, there can be more than one
low pressure region in the inlet. If there is more than one
distorted (low pressure) region, separated by a high pres-
sure region with an extent smaller than a minimum value
of the positive pressure region (8;"), then the two low
pressure regions are considered as one, as shown in Fig.
4.

The minimum value of 8;" is known as the critical an-
gle. This is the same critical angle that Reid [3] discussed

o
o
=]
7]
n
]
S
o
S
o / l
= The positive pressure regions are compared
to the critical angle, for the determination of
circumferential extent.
Circumferential Location
Fig. 4 ARP-1420 description of multiple-per-rev

distortion, showing the positive pressure
regions, 8%, that relate to the critical angle

(6]

in his work with the parallel compressor theory. ARP-
1420 says this critical angle must be “determined by ex-
periment,” or in the absence of data, suggests using 25
degrees. Today, the flow physics that lead to a critical
angle are better known, as this is related to the time con-
stant of the blade response, which will be discussed in
this paper during the discussion of the relationship of rotor
dynamics to changes in the inlet flow conditions.

In addition to the circumferential distortion intensity
parameter just discussed (APc/P), ARP-1420 calls out the
radial distortion intensity (APr/P), defined as

Copyright © 2011 by ASME



(API’/P)i = (Pface avg " |:’avg i) / Pface avg (4)

THE TOTAL TEMPERATURE DISTORTION
DESCRIPTOR, FOUND IN ARD-50015

The total temperature distortion descriptor, as de-
scribed in ARD-50015, is similar to the descriptor for pres-
sure distortion, although the concern is the high tempera-
ture side of the pattern, rather than the low (Fig. 5). In
this case, the temperature distortion intensity is defined
as (ATc/T), where

(ATc/T)i = (Tavgnii = Tavgi) / Tavgi ()
360
Tavgi = (1/360) [T(8); d@ = ring avg temperature (6)
0

and (area under the line between 0 and 360 degrees)

Tavghi i = (1I e...i) .[T(e)| d9

4 (area under the line between 64 and 62)

and where as with the 6;" extent for pressure distortion,
the circumferential extent is described for temperature
distortion by 0. Similar descriptions for temperature dis-
tortion (as discussed for pressure distortion) are found in
ARD-50015 for the multiple-per-rev content and for radial
distortion.

DESCRIPTIONS FOR INLET SWIRL

For many years, people considered the application of
the pressure distortion descriptors as an adequate repre-
sentation of the inlet flow field. Interestingly enough, it is
entirely possible to have a total pressure distortion profile
that looks rather benign, while having a swirl composition
that is in fact, completely unacceptable.

Swirl can be characterized as either bulk swirl or twin
swirl (sometimes called peak swirl). It is important to note
that the different types of swirl have a different effect on
the compression system; therefore, they are character-
ized separately.

Bulk swirl is characterized by the rotation of the com-
plete flow field coming into the engine (Fig. 6). The swirl
is either clockwise or counter-clockwise and is generally
described with respect to the direction of rotor rotation as
being either pre-swirl or counter-swirl. These two swirl
directions have different effects on the compression sys-
tem component. Counter-swirl, being in the direction op-
posite rotor rotation, causes an increase in incidence an-
gle to the rotor and as a result, a higher rotor loading and
a reduction in stall margin. Pre-swirl, being in the direc-
tion of rotor rotation, causes a reduction in incidence an-
gle and therefore a reduction in the flow capacity of the
rotor.

Paired swirl, in contrast to bulk swirl, is characterized
by having swirl in one direction on one side of the rotor

Absolute
Total
Temperatwre | _ A — — T~ — N (TAVHD;
o) - Gf—’\n\o

0 8, 8, 360

i i
Circumferential Location (degrees)

(TAV),;

Fig. 5 Circumferential distortion description used
in ARD-50015 for the calculation of circum-
ferential temperature distortion intensity
and defining the circumferential extent of
the distortion [9]
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Fig. 6 Projected Velocity Vectors Produced with
Bulk Swirl [16]
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Fig. 7 Projected Velocity Vectors Produced with
Paired Swirl [16]

and in the other direction on the opposite side, often with
two different magnitudes (Fig. 7). This type of swirl is typ-
ically found in installations that have side inlets, such as
many helicopters, and also s-duct inlets, commonly found
today with embedded engine installations. The physics of
swirl, as with inlet distortion, are just a function of basic
fluid mechanics, that is, flow in a curved duct generates a
static pressure non-uniformity, resulting in the formation of
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streamwise vorticity, which presents itself as a swirl com-
ponent. The Society of Automotive Engineers (SAE) S-16
Committee has documented a methodology for consider-
ing swirl as part of the inlet-engine compatibility assur-
ance process [16].

COMPRESSION SYSTEM DYNAMIC RESPONSE TO
INLET DISTORTION

Since the original work on the critical angle concept
by Reid [3], there has been much work done to determine
exactly what the physics of compression system response
truly are. ARP-1420 indicates that this is determined by
test, but says nothing about how this should be accom-
plished (mainly because not enough work was done at
the time to determine this). It suggests using 25 degrees
as a critical angle in the absence of any more information,
but doesn’t say why. Many people make the mistake of
thinking that 25 degrees is a specification of ARP-1420,
but this is not the case. Other work by Oates [17],
Plourde and Brimlow [18], and Brimlow, et al. [19] sup-
ported the theory that a compressor system would re-
spond to total pressure distortion patterns which persisted
on the order of one-per-rev.

Some of the early work performed by Van Deusen
and Mardoc [20] showed that the steady state distortion
tolerance of a TF30 engine was found to vary inversely as
a function of the turbulent energy in the flow field. There-
fore, they concluded, the turbulence as well as the steady
-state distortion was a prime variable in predicting engine
response.

At about the same time, Goethert and Reddy [21] de-
veloped the concept of reduced frequency, which is de-
scribed as the ratio of the residence time of flow in a
blade passage to the time the blade is in the disturbance.

In more recent work, Cousins [22, 23] showed that
the rotor response time for an axial blade can be calculat-
ed as the time for a flow particle to travel the distance
from the leading edge of an airfoil to the throat of the
blade passage (Fig. 8). This defines the flow physics that
determine the sensitivity of the blade to inlet distortion.
Cousins presented data that shows the delay in rotor re-
sponse measured with on-rotor pressure transducers.
The key contribution of this work is that it shows the differ-
ence in axial and centrifugal compressor rotor response
time and explains the critical angle concept in terms of
true flow physics.

Pressure rise in all compressors occurs by the con-
version of shaft work to fluid pressure. Figure 9 shows
the h-s diagram for an axial stage. The enthalpy change
across the rotor is represented by

hg - ht = 172 (i - wp?) (8)

as long as there is no radial shift in the streamlines across
the rotor. In reality, there is generally a very small radial
shift, due only to the slight convergence of the flow path.
This convergence provides insignificant pressure rise
when compared to the radial change that occurs in either
a mixed-flow rotor or in a centrifugal impeller. (The im-

Approximate Throat Position
of the Center Blade \\

Reference Plane for
the Center Blade S

Approximate Distance
Traveled at Relative
Velocity Before Blade
Senses a Change in
Pressure Rise Ability

Fig. 8 Distance a particle of fluid must travel to the
throat of the blade passage to reach the
start of the major diffusion process [22, 23]

Pz 0
02 / 03
h 03 i

S

Fig. 9 Enthalpy-entropy diagram for an axial com-
pressor stage [23]

pacts of radial change are discussed in Ref. 23.) For the
axial blade, once the blade senses the change in the inlet
flow (the particle of fluid reaches the throat), there is a
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chance that the diffusion process along the remaining
portion of the blade can be disrupted, causing flow sepa-
ration (Fig. 8). Once the flow is separated on an axial
blade, the pressure rise capability is severely limited.
When a blade passes behind a distorted sector, its re-
sponse is critical to the impact of that distorted sector on
the compression system (Fig. 10). A more complete dis-
cussion on this is provided in Cousins [22, 23], where the
discussion includes centrifugal impellers.

Blade With Short
Tlme Constant Time Constant
Compared to Length Compared to Length
of the Low Pressure of the Low Pressure
Region Region

Blade With Long

High Pressure High Pressure

~ Less Blade Response
\ ~
N\ ™~ /
AS =~

l.Greater Blade Response

Low Pressure

Time for Blade to
Rotate Through
the Low Pressure
Sector

le—r —

Circumferential Direction ——————>»

Fig. 10 Blade time constant comparison to a dis-
torted inflow determines the magnitude of
the blade response [23]

THE IMPORTANCE OF DYNAMIC DISTORTION

Steady-state distortion measurements do not capture
the complete nature of the inlet distortion affecting the
stability of the engine compression system. The true na-
ture of inlet flows is to have some dynamic component. In
measurements with “standard” measurement probes, this
component of the pressure is not obtained. Figure 11
shows a depiction of a pressure trace (which would be
from steady-state probes) with the true dynamic compo-
nent drawn on top. From this pictorial, one can see that
the “true” value of pressure distortion is not captured with
the steady-state probe. Measurements have shown that
this dynamic component can add as much as thirty per-
cent to the steady-state pressure signal. Typically,
screens are used to generate a simulated pressure distor-
tion pattern to match that of an inlet wind tunnel test. To
account for the dynamic content of the real measurement,
the steady-state screen is typically designed either at the
RMS value or the peak value of the dynamic measure-
ment. Realizing this is important in the application of ex-
tensions to the parallel compressor model.

Total Pressure
—

Dynamic measurement,
at a particular frequency

Steady-state measurement

0 360
Circumferential Position, degrees

Fig. 11 Graphic pictorial showing steady-state pres-
sure measurement and a high-response
measurement [10]

THE DYNAMIC MODEL UPON WHICH PARALLEL
COMPRESSOR EXTENSIONS ARE APPLIED

Many one-dimensional models have been developed
to aid in the analysis of engine performance and operabil-
ity. These models provide insight into physical phenome-
na that may be difficult to understand using test data
alone. The present modeling technique (the DYNTECC
code [25]) uses a finite difference scheme to simultane-
ously solve the mass, momentum, and energy equations
with or without turbomachinery source terms (mass bleed,
blade forces, heat transfer, and shaft work). The com-
pression system source terms are determined from a
complete set of stage pressure and temperature charac-
teristics provided by the user. A representative single-
spool multistage compression system is shown in Fig. 12,
along with the control volume models. The overall control
volume is divided into a set of elemental control volumes.
Typically, the compressor section is subdivided by stages
either as rotor-stator or stator-rotor, depending upon how
the experimental stage characteristics are obtained. Act-
ing on the fluid control volume is an axial force distribu-
tion, FX, attributable to the effects of the compressor
blading and the walls of the system. These effects are
lumped together due to the difficulty of separately distilling
the effect of each from experimental data. Appropriate
inlet and exit boundary conditions are applied at the inflow
and outflow boundary locations. Energy supplied to the
control volume included the rate of heat added to the flu-
id, Q, and the shaft work done on the fluid, SW. Mass
transfer rates across boundaries other than the inlet or
exit (e.g., interstage bleeds) are represented by the distri-
bution Wg.

Time dependent boundary conditions can be specified
either at the entrance or the exit of the overall control vol-
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Fig. 12 Representation of the dynamic model to
which the parallel compression theory is ap-
plied—DYNTECC [25]

ume. Inlet total temperature or pressure time history may
be linearly ramped, varied cyclically, or held constant.
The same is true for the overall control volume exit pres-
sure, Mach number, and airflow rate. At the entrance,
both total pressure and total temperature must be speci-
fied. At the exit, however, only one parameter may be
specified, usually static pressure or exit Mach number.
This model has been used in many investigations, includ-
ing those in Refs. [23] and [24].

EXTENSIONS TO THE PARALLEL COMPRESSOR
MODEL

Applying extensions to the parallel compressor model
to enable the simulation of complex distortion (and better
simulation of simple patterns) must be performed with
careful regard to the flow physics of a compression sys-
tem. Several items must be considered in the formulation
of model extensions. First, the goal is to keep the exten-
sions simple, yet still be physically applicable to the sys-
tem. Second, it is important to realize that there is a bal-
ance between simplicity and solution accuracy. Since the
desire is computational speed, along with providing a rea-
sonable interpretation of the trends of total pressure, total
temperature, and swirl effects, the accuracy may not be
precise enough for design applications. In the testing en-
vironment, however, rapid interpretation of trends and
effects are critically important and long calculation times
(as with many CFD analyses of distortion effects on a
compression system) are not acceptable. While this sim-
plified approach may yield less accurate solutions, the
method can produce useful guidance and results for test-
ing applications given adequate engineering understand-
ing of the method.

The following extensions to the parallel compressor
model are considered:

e increased definition of circumferential distor-
tion effects by mass redistribution,

e inclusion of radial distortion effects by mass
redistribution,

e inclusion of swirl effects,

e application of time constants for compression
system response,

e dynamic effects near stall, and

¢ inclusion of a meanline model to eliminate the
need for complete compression system maps
in the parallel compressor model

Circumferential Mass Redistribution

Circumferential pressure distortion can generate a
redistribution of flow in the circumferential direction due to
the differences in local static pressure, as shown in Fig.
13.

This cross flow occurs in the rotor-stator gap and can
be approximated using a simple orifice flow analogy, de-
veloped by Kimzey [4]. The high and low pressure re-
gions can be treated as reservoirs and the rotor-stator
gap as an orifice. The flow can be approximated using a
simple algebraic expression based on classic orifice flow.

Control Volume i j k

(Aft looking forward
with counter clockwise
rotation)

Orifice Flow
Analogy

wC

Control
Volume
i 3 kp

Rotor Gap Stator

Pshigh

wC wC

Rotationm

Fig. 13 Circumferential flows are driven by differ-
ences in static pressure around the com-
pression system stages [28]
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Since flows with small pressure drop can be treated as
incompressible, the continuity equation and Bernoulli's
equation are used, and the mass flow rate is expressed in
terms of a pressure difference and an orifice flow coeffi-
cient.

Woaross = Cutiow ™ Agap [2P (Ps high = PS Iow)]”2 9)

The cross flow coefficient, Cyqow, iS @analogous to the
orifice coefficient. For an orifice flow with a pronounced
vena contracta and high Reynolds number, the value of
the orifice coefficient converges to 0.6, which can be used
as a default in the parallel compressor model, to allow a
calculation of flow redistribution between the circumferen-
tial segments.

Radial Mass Redistribution

Radial mass flow redistribution can occur in a com-
pressor through the passages between the compressor
blades. The radial mass flow is similar to the circumferen-
tial mass flow redistribution and is driven by differences in
static pressure, as shown in Fig. 14.

A relationship similar to that derived for the circumfer-
ential flow redistribution can be derived. However, the
relationship is not presented here because all attempts to
create a radial redistribution model resulted in unsatisfac-
tory results in the parallel compressor simulation. It is
believed that the problem with trying to create a radial
redistribution model is rooted in the fact that with a simple

R

Control
Volume
i3p k

Control
Volume
iJk

Flow in Blade
Passages

Fig. 14 Radial flows are driven by changes in static
pressure (due to the distortion) radially be-
tween the blades, actually changing the de-
sign radial equilibrium conditions [28]

model such as the parallel compressor model, the radial
redistribution actually changes the design radial equilibri-
um relationship, and therefore the blade loading distribu-
tion from hub to tip. With these changes, the relationship
between the stage characteristics that are used in the
formulation of the parallel compressor model are no long-
er correct. Attempts at redefining the characteristics were
unsuccessful, as the radial distribution does not account
for the shift in the radial work distribution that really oc-
curs. This also becomes an issue when examining the
stability limit with the parallel compressor model. Typical
stalling behavior generally occurs at the tip of the rotor,
due to the tip loading. Machines that stall at the hub usu-
ally have more influencing the stalling behavior, like a
highly loaded hub-flowpath, for example. As a result of
this examination, one is strongly cautioned about trying to
use a parallel compressor model to predict compression
system operation under conditions where the radial distor-
tion is a significant factor.

Inclusion of the Effects of Swirl

To include the effects of swirl in the parallel compres-
sor model, stage, blade-row, or overall system maps must
be generated that include the effects of swirl. With these
provided, the different sectors of the parallel compressor
model can query the appropriate map to obtain the oper-
ating point of the given off-design speed line. The off-
design maps can be generated from a meanline design
code (or even a more complex CFD code) since the goal
is to develop a set of maps that contain the effect of vary-
ing incidence angle at the front of the compression sys-
tem. For some configurations, an inlet guide vane (IGV)
will control some of the swirl, but at high incidence angles,
the IGV will itself stall, causing a high distortion entering
the first rotor. In applications where no IGV exists, the
incidence angle imposed on the first rotor can cause ei-
ther movement of the rotor towards stall or towards
choke. Providing the stage characteristics to the parallel
compressor code under swirl conditions enables the mod-
el to obtain the operating point information for any parallel
compressor sector under any incidence angle (swirl) con-
ditions. (More on this can be found in Refs. [1 and 10].)

Compression System Response

There are a number of ways the response of the com-
pression system can be included into the parallel com-
pressor model. As discussed previously, a rotor blade
passing through a distortion feels the effect of an un-
steady flow (due to changing incidence and therefore
changing relative velocity). Both the analyses by Goe-
thert and Reddy [21] and the analysis by Cousins [22, 23]
(Figure 8) can be expressed as a ratio of the unsteady lift
over the airfoils to the steady state lift. This ratio of un-
steady lift |Ci|max/ |Cilss can be shown to be a function of
the blade time constant [23], which includes dependence
on the reduced frequency of Goethert and Reddy and the
airfoil design (passage throat location as discussed by
Cousins). Since the dynamic value of the lift coefficient
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Fig. 15 Model responses to flow disturbances are
damped by the lagging of the stage loading
[28]

has the same characteristics as the blade stage loading,
the ratio of both is equivalent and

|Cllmax/ |CI|ss = (9)
This relationship is called a dynamic lag ratio (DLR)

by Kimsey and is included in the dynamic parallel com-
pressor model as a lagging factor on the stage loading as:

|Wlmax/ [Wlss

Woresent c.v. = DLR Woresent ss c.v. + (1 - DLR)Wprevious c.v. (1 0)

The effect of the lag ratio is to damp the model re-
sponse to a flow disturbance (Fig. 15). This is necessary
since the characteristics used to determine the stage
loading parameter is based upon compressor steady-state
operation. Through this method, the dynamic response of
the rotor blade is taken into account in the simulation.
This is especially important as the compression system
nears instability, as the blade dynamics can affect the or-
der in which the stages stall as the loading nears the sta-
bility limit.

Inclusion of a Meanline Model

Since the stage characteristics are input to the dy-
namic model as a family of “look-up-table” characteristics
(total pressure ratio, total temperature ratio, corrected
speed and corrected flow), these characteristics must be
developed prior to model operation (Fig. 16). Families of
these characteristics must also be developed to model the
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Fig. 16 Typical model operation without a meanline
code involves a table look-up operation from
characteristics to obtain stage pressure and
temperature ratio [27]

impact of swirl on the compression system. Stalling be-
havior is typically determined by examination of the slope
of the pressure stage characteristic. When the slope of
the stage characteristic becomes flat, stall for that blade
row is indicated. This is a simplifying assumption as
some blades can operate on the positive slope of the
pressure characteristic.

Integration of a meanline code as a subroutine rather
than the tables allows the model to calculate the required
pressure ratio and temperature ratio values rather than
looking them up from a table (Fig. 17). This also allows
the information about incoming swirl angles to be passed
to the meanline code so that the proper pressure ratio
and temperature ratio can be calculated at the appropri-
ate incidence angle due to swirl.

Another advantage of incorporating a meanline code
into the dynamic parallel compressor code is that better
predictions of the stability limit can be made, due to more
information (such as diffusion factor) being available in
the meanline code. Examination of the diffusion factor
can provide better prediction of stage stalling since it is a
function of the blade design. While typical values of
stalling diffusion factor are available for standard circular
arc blades (among others) in the NASA SP-36 publication
[26], one must be careful as todays airfoils (controlled
diffusion airfoils, arbitrary airfoils, etc.) have diffusion fac-
tors at stall that can be higher than those in Ref. [26].
That generally does not cause a problem, as the blade
design characteristics are generally known as are the dif-
fusion characteristics for the airfoils.

Meanline Code (MLC)

|:| W1, P, Td, Q, 0, Ry, ¥ D

Stage Inputs (Flow, Press,
Temp, Flow Angle, Speed, etc)

(] pre0 [

Stage Pressure,
Temperature Ratio, &
Diffusion Factor

DYNTECC

Fig. 17 Model operation with a meanline code elimi-
nated generation of characteristics before op-
eration and provides easy implementation of
swirl response and loading parameters [27]
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CONCLUSIONS

Parallel compressor theory can be modified to incor-
porate many basic flow physics of compression systems,
and incorporated into a dynamic model. Enhancements
provide the capability to simulate more complex distortion
patterns, including temperature, pressure, and swirl. Ra-
dial distortion effects can not be included easily, due to
the changes in radial work distribution that occur. It does
not seem that simple models can provide adequate flow
physics to make the modeling of radial distortion adequate
in a simple parallel compression system model.

The companion paper to this paper, Ref. [1] and other
references such as [23] and [28] present many applica-
tions to which this modeling system has been applied.
The parallel compressor theory, along with extensions,
provides an analysis capability that can be used in envi-
ronments where rapid turn-around of testing trend results
is required.
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