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Spanwise Transport in Axial-Flow
Turbines: Part 1—The Multistage
Environment

Selected experimental results, obtained from a detailed investigation into the flow
Sfields within two low-speed multistage turbines, are presented. A repeating stage
condition occurred typically after two stages, with the secondary flows an important
Sfactor in the low aspect ratio geometry. A tracer gas technique was employed to
identify the dominant mechanisms of spanwise transport and their relative signifi-
cance, In the first stages of both machines, tracer transport was more intense near
the endwalls than at midspan, while in the multistage environment the transport
was approximately constant across the whole span. The convective influence of
classical secondary flow, shroud leakage, and wake passage through a downstream
blade was identified and shown to be as significant as turbulent diffusion in effecting
cross-passage and spanwise transport. The data show that spanwise transport should
be included within any throughfiow model and are used to calibrate two scaling
models. These models are presented in Part 2, where the influence of incorporating
spanwise transport into a throughflow model is investigated.

K. L. Lewis

Whittle Laboratory,
University of Cambridge,
Cambridge, United Kingdom

Introduction

The repeating stage condition, which has been known for
some time to exist within multistage compressors, is one in
which the velocity profiles entering and leaving the stage are
similar (Smith, 1970). Although several studies of single and
one and a half stage turbines have been published in the lit-
erature (Sharma et al., 1988; Joslyn and Dring, 1992a, 1992b;
Boletis and Sieverding, 1991) no detailed study of the flow
field deep within a multistage turbine has been performed. It
was not known whether the repeating stage condition existed
in a multistage turbine, although the flow field was thought
to be highly three dimensional, turbulent, and unsteady, pos-
sibly quite unlike the designer’s intent. The multistage envi-
ronment as distinct from that of a single stage is influenced
by increased endwall boundary layer skew, spanwise gradients
of vorticity, increased free-stream turbulence and spanwise
transport.

Endwall inlet skew affects the strength of classical secondary
flow and the subsequent flow angle and loss distribution (Bin-
don, 1980; Walsh and Gregory-Smith, 1987). In turn the end-
wall skew is strongly influenced in shape and magnitude by
the secondary flow and leakage from the preceding blade row

(Boletis and Sieverding, 1991). This is particularly evident if *

the blade row spacing is small and the flow fields in the re-
spective blade rows closely coupled. Circumferential nonuni-
formities generated by wakes and vortices from upstream blade
rows can also have an affect. This is particularly true in low
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aspect ratio geometries where secondary flow effects are pres-
ent across the whole span. Sharma et al. (1988) showed that
the convection of rotor hub vortices through the second stator
of a one and a half stage turbine affected the performance of
the stator markedly, with underturning at the endwalls and
overturning at midspan. Clearance flows can influence the
performance of a downstream blade row with the overturning
(absolute frame) associated with the rotor tip clearance being
preserved through the succeeding stator (Boletis and Sieverd-
ing, 1991).

Spanwise gradients of vorticity play a significant role in
affecting the secondary flow through a downstream blade row
(Horlock, 1977). When these gradients become fully devel-
oped, the repeating stage condition is approached. This can
only occur once endwall loss generation is balanced by the flux
of loss away from the endwalls. Spanwise transport therefore
plays an important role in the development of the repeating
stage condition (Gallimore, 1986). In the multistage environ-
ment, turbulence produced by ‘“vortex cutting’’ (Binder, 1985)
and shear within upstream boundary layers and wakes (Gal-
limore and Cumpsty, 1986) increases the free-stream turbu-
lence level. This accentuates mixing and hence spanwise
transport. Similarly, any flow feature that has a spanwise ve-
locity component will redistribute flow across the span (Adkins
and Smith, 1982). This includes classical secondary flow, wakes,
shed vorticity, and clearance/leakage flows.

This paper is divided into two parts. In Part 1 selected results,
obtained from two low aspect ratio turbines that were tested
in a new multistage turbine facility, are presented. These in-
clude measurements downstream of each blade row, which
show the development of the flow field through the turbine.
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Tracer gas distributions are shown and together with the aero-
dynamic measurements, are used to identify the dominant
mechanisms of spanwise transport within the two turbines.
The Hinze (1959) model of turbulent diffusion is used to es-
timate the magnitude of the spanwise transport from the tracer
distributions. The data are used in the second part of this paper
to develop two expressions that allow the scaling of an effective
diffusion coefficient based on turbine geometric parameters
and performance. The coefficient is used in a spanwise trans-
port model, which has been incorporated in a throughflow
code. The resulting influence on the throughflow model’s pre-
dictive capability is demonstrated by the application of the
model to three other turbine applications.

Definitions

It is useful at this stage to define commonly used terminology
to avoid confusion and misunderstanding. Primary flow is
defined as the streamtube flow that is predicted by an axisym-
metric inviscid rotational analysis. For reasons of consistency
with past turbine literature, secondary flow is defined as in-
viscid classical secondary flow due to stream surface warp.
Any other flow feature that is neither primary nor secondary
flow is referred to directly. In three-dimensional flows, span-
wise transport can take place by spanwise convection and tur-
bulent diffusion. Turbulent diffusion is defined as any random
unsteadiness that is not correlated to shaft speed.

Experimental Facility

The new multistage turbine facility (Fig. 1) at the Whittle
Laboratory, University of Cambridge was used as the primary
research tool. The facility was designed to model a high-pres-
sure steam turbine and has a hub-to-casing ratio of 0.85 with
a casing diameter of 1.0 m. Air is ingested through the radial
inlet and honeycomb straightener and turned by the inlet con-
traction into the axial direction. After passing through the
turbine the air is ducted into the intake of a centrifugal fan.
An eddy-current dynamometer absorbs the rotor power and
allows the measurement of torque. Stationary frame circum-

Table 1 Turbine geometric parameters

1.00

Casing diameter, Dy,

Hub diameter, Dy, 0.85 -
Blade-Row Spacing, A2/Cy grator 0.33
LL Turbine
Stator i Rotor

Number of stages : 4
Chord, C 0.098 0.108
Axial Chord, C, 0.075 0.083
Aspect Ratio, H/C* 0.763 0.694
Blade Inlet Angle 0o 0o
Cos‘l(o/p) Measured at Hub, 68.9° —-69.5°

Casing 66.9° -68.19
Blade Number 33 30

HL Turbine

Number of stages 3
Chord, C 0.108 0.119
Axial Chord, C, 0.075 0.083
Aspect Ratio, H/C 0.694 0.630
Blade Inlet Angle -330 330
Cos~1(o/p) Measured at Hub, 74.5° -74.7°

Casing 72.8° -73.1°
Blade Number 31 28

ferential and radial traversing is possible behind each blade
row, measuring planes 0 to 8 in Fig. 1. The traverse planes
allow a maximum circumferential travel of one quadrant with
the quadrant behind each stator offset by 90 deg relative to
the quadrant behind each rotor. The axial distance of all trav-
erse planes downstream of the respective trailing edge plane
is 16 percent of stator axial chord. More details are available
from Lewis (1993).

The design parameters of the two turbine builds, LL and
HL, are given in Table 1. Both builds are 50 percent reaction
and have repeating geometry. The major difference between
the two builds is an increase in stage loading, Ah,/U? from
1.0 to 1.5. This is achieved by the introduction of interstage
swirl in the HL turbine. The HL turbine has one less stage in
order to keep the total output power from the two turbines
approximately constant. The blades are radial with no twist
and are shrouded at rotor casing and stator hub (Fig. 2). The
stator and rotor blade geometries, nondimensionalized by
chord, are identical; the chord ratio C,/C, is 0.9091. Shroud
seal clearance, effected by abradable seals, was nominally 1.0
percent of midspan throat width in both builds. The rotor hubs
extend upstream to the preceding stator trailing edge plane
and downstream to the next stator leading edge plane. The
rotor casing shroud extends from the leading edge to the trailing
edge planes of the rotor blades. Intrablade row gap was 33
percent of stator axial chord in both builds. The leading edges
of all stators were circumferentially aligned to each other as
were the leading edges of the rotors. As flow into both turbines
was axial, the first blade row of the HL turbine, stator 1,
operated at negative incidence. This did not result in any large-
scale separation from the pressure surface or increased losses.

Nomenclature
C = chord r = radial spread ¢ = casing
D = diameter U = blade speed cv = convection
h = enthalpy V = absolute velocity d = turbulent diffusion
H = span X, y, 2 = rectangular coordinates h = hub
L = length scale e = diffusion coefficient r = rotor
o = throat opening . i sf = secondary flow
p = pitch Subscripts s = stage.
P = concentration 0 = total st = stator
180/ Vol. 116, APRIL 1994 Transactions of the ASME
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Fig. 2 Schematic of muitistage environment and shrouded geometry
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Experimental Techniques

The experimental program consisted of two series of tests,
the first involving a detailed study of the flow field within the
two turbines. This included measurements behind each blade
row with a five-hole pneumatic probe to establish the time-
mean velocity field. In the second series of tests, a tracer gas
technique was used to give a measure of the spanwise transport.
Ethylene was injected into the flow through a crooked L-
shaped probe of 0.56 mm outside diameter, which minimized
probe interference effects (Gallimore, 1985). Due to the limited
circumferential travel of each traverse plane, it was not possible
to mount the injection probe within the traverse ring upstream
of a blade row and to sample immediately downstream of the
same blade passage. The injection probe was therefore inserted
directly through the casing limiting any circumferential move-
ment and the number of injection points. Sampling was per-
formed through a Kiel total pressure probe yawed to the
previously measured mass-averaged flow angle. Ethylene con-
centration was determined by passing the sample through a
flame ionization detector, which gave a time-mean value. All
measured concentrations were nondimensionalized by the peak
local concentration.

Both turbines were tested at their design flow coefficient of
0.384 but at different rotor wheel speeds: the LL turbine at
830 rpm and the HL turbine at 680 rpm. The corresponding
Reynolds numbers based on stator chord and midspan exit
velocity were 2.6 % 10° and 3.3 x 10°, respectively.

Interpretation of Tracer Distributions

Although the tracer gas technique gives a direct measure of
transport within a flow field, the interpretation of the resulting
distributions is not always straightforward. It is useful to con-
sider the influence that secondary flow, turbulent diffusion,
and the sampling plane have on the measured distribution of
a tracer. In addition, it is appropriate to explain the techniques
used to estimate the magnitude of the transport mechanisms
from the tracer distributions.

The Hinze (1959) model of diffusion from a point source
in a uniform flow is considered. If the turbulence is homo-
geneous and isotropic and the velocity vector is axial and there-
fore normal to the traverse plane, the tracer distribution will
consist of concentration contours that are circular and con-
centric. The distribution can be approximated by measuring
the radius r to a contour of concentration P to give a turbulent
diffusion coefficient ¢,

© T M
VL, 4LzInP

where L is the stage length and z the streamline distance from
the point of injection to the traverse plane. If a uniform span-
wise velocity V, is superimposed on the uniform axial velocity
flow field, the core, defined as the point where peak concen-
tration is measured, will be transported in the spanwise direc-
tion. The concentration contours will still be circles in a plane

Journal of Turbomachinery

normal to the streamwise velocity vector but this will no longer
be normal to the traverse plane.

A similar argument can be applied when the flow is turned
tangentially by the action of a blade row. The streamwise vector
is no longer normal to the traverse plane, the effect being
particularly pronounced downstream of stators. The tracer
distribution, as measured in the traverse plane, will be circum-
ferentially distorted with respect to the true distribution. The
distortion could be artificially removed by scaling the circum-
ferential distance by the cosine of the mean flow angle. This
would imply different transit times for some particles and as
tracer distribution is directly proportional to particle transit
time, an equally erroneous interpretation could result. For this
reason, the distributions are presented as measured in the trav-
erse plane and the circumferential distortion accepted but noted.
As this study was primarily involved with spanwise transport,
the limitation was acceptable.

Assuming nonuniform spanwise and pitchwise perturbation
velocities are superimposed on the uniform velocity flow field,
contour distortion will take place in the direction of increasing
perturbation velocity. Determining the magnitude of the dif-
fusion coefficient from the resulting contours becomes more
difficult. By taking the shortest distance from the core to
contour P as being representative of r, an estimate of the
diffusion coefficient ¢; can be determined by using Eq. (1).
This assumes no net transport of tracer by convective mech-
anisms in this direction. Some circumferential scaling based
on the cosine of the mean flow angle is necessary when the
shortest distance r has a circumferential component and the
streamwise vector is not normal to the traverse plane. This
technique was used to determine ¢, across a stator blade row.

Estimating e, through a rotor from distributions obtained
by injecting and sampling tracer in the absolute frame is sub-
stantially more difficult. The circumferential distortion that
results from differing particle transit times (Denton and Usui,
1981) cannot simply be filtered out or overlooked. Assuming,
however, that an effective diffusion coefficient e, which in-
cludes the influence of both convective (e.,) and diffusive (e,)
mechanisms, can be defined such that

€=€gtegy @

the Hinze model, Eq. (1), can be applied to the circumfer-
entially averaged tracer distribution to obtain a value for e.
As the rotor is moving with respect to the tracer source, the
estimated value of e can be viewed as being representative of
a passage-mean, the quantity required for axisymmetric mod-
eling purposes. In general the spanwise profile, which results
from the circumferential averaging, will be skewed, indicating
that the spanwise transport is anisotropic. This violates one
of the assumptions in the Hinze model but in the absence of
a better model, Eq. (1) is applied to the profile, either side of
the peak, to obtain two values of e. A weighted mean of the
two values, based on the integrated areas under the spanwise
profile either side of the peak, is taken as representative of the
effective diffusion coefficient e at the radius of injection. If e
is a true passage-mean, any spanwise shift in the core will be
predicted by a throughflow model. Admittedly this shift will
be small in the present high hub to casing ratio geometry. If
the tracer source is immersed in a flow feature that has a strong
spanwise velocity component associated with it, for example,
a stator blade wake, then a spanwise shift will occur. This is,
however, due to a local effect and cannot be considered as
being representative of the passage mean. The approach taken
is to assume that ¢ is a true passage-mean and to neglect any
spanwise shift. _
Assuming that the diffusion coefficient ¢,is the same through
the rotor as through the stator and hence measurable, an es-
timate of e, can be obtained from Eq. (2). This is a reasonable
assumption considering that both turbines are 50 percent re-
action and has been confirmed by measurements of turbulence

APRIL 1994, Vol. 116 / 181
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Fig. 4 Development of axial velocity distributions through HL turbine

intensity and length scale, which together define turbulent vis-
cosity and hence ¢; (Lewis, 1993): The turbulent viscosity
downstream of the rotor in the repeating stage was of the same
level as that downstream of the stator. A similar technique for
estimating €., could be applied to the distributions obtained
by injecting through the stators. As, however, there is no
relative circumferential motion of the tracer source to the blade
passage, the resulting distribution cannot be taken as being
representative of a passage-mean. Any core shift that occurs
cannot be neglected and has to be accounted for in estimating
€.y- As the latter would require another model and set of as-
sumptions, this was avoided.

Contour distortion due to anisotropic turbulence remains to
be considered (Li and Cumpsty, 1990). In general, anisotropic
turbulence exists within regions that have strong velocity gra-
dients, notably boundary layers and vortex regions. In a tur-
bine, the boundary layers are thin and the extent of anisotropic
turbulence from this source is limited. The flow field in the
vicinity of classical secondary flow vortices is, however, strongly
anisotropic (Gregory-Smith and Biesinger, 1992). In the results
section, it is shown that anisotropy is present but appears to
be limited and should not invalidate the application of the
Hinze model.

To summarize, ¢, is evaluated by applying Eq. (1).to the

182 / Vol. 116, APRIL 1994

distributions obtained by injecting tracer through the stators.
It is assumed that this value is approximately equal to the
turbulent diffusion coefficient through the rotors. An effective
distribution coefficient ¢ is determined from the circumfer-

entially averaged distribution obtained by injecting tracer

through the rotors. Equation (2) is applied to obtain ¢, This
analysis technique is based on some sweeping approximations
and assumptions. Obviously there will be regions within the
flow field where significant deviations from the assumptions
occur but these assumptions are shown in the next section to
be generally acceptable.

Aerodynamic Measurements

The circumferentially averaged distributions of axial veloc-
ity, as determined by five-hole probe measurement downstream
of each blade row of the LL turbine, are shown in Fig. 3, and
the corresponding distributions for the HL turbine are shown
in Fig. 4. The calculated data show the design intent and are
based on a streamline curvature prediction using exit flow
angles determined from measured values of cos™'(0/p).

The influence of classical secondary flow was observed
downstream of each blade row with the associated overturning
(low axial velocity) at the endwalls and underturning high
axial velocity) toward 30 percent and 70 percent span (Figs. 3
and 4). The flow field was relatively well ordered with no
atypical features similar to those observed by Sharma et al.
(1988). The annulus boundary layers were extremely thin with
the reduction in axial velocity at the endwalls mainly due to
increased turning, as indicated by the flow angle variation
(Lewis, 1993). The secondary flows represented by velocity
variation from the design intent developed rapidly from the
first stage toward the repeating stage condition. This condition
was achieved after two stages in the LL turbine but only one
and a half in the HL turbine. The greatest variation from
design intent in both turbines occurred downstream of the
rotors in the hub region. This indicated the presence of very
strong hub vortices as confirmed by slant hot-wire measure-
ments (Lewis, 1993). In the LL turbine, maximum underturn-
ing (minimum axial velocity) occurred close to the endwall
suggesting that the hub vortex had not moved far off the hub.
The presence of the casing vortex, although less obtrusive than
the hub vortex, was still observable. In the HL turbine the
maximum overturning (minimum axial velocity) occurred at
15 percent span, indicating that the hub vortex had moved
considerably away from the endwall toward midspan. The
casing vortex was far less significant downstream of rotors 2
and 3 than rotor 1. The secondary flow downstream of the
stators in both turbines showed equal development of the hub
and casing secondary flow vortices toward the répeating stage
condition.

A repeating stage can only occur when the spanwise gradients
of entropy have become fully developed and once endwall loss
generation is balanced by the flux of loss away from the end-
walls (Gallimore, 1986). The existence of the repeating stage
suggests that spanwise transport is significant in the multistage
environment and that secondary flow is a dominant mecha-
nism. In the next section, tracer gas results are used to identify
other dominant mechanisms.

Tracer Gas Results

To study spanwise transport deep within a multistage tur-
bine, it was necessary to define a stage that represented this
environment. The repeating stage was defined as representative
and in the LL turbine, investigations were focused on the third
stage. As the HL turbine has only three stages, the flow field
within the second rotor and third stator was injected with
tracer. This seemed reasonable as the repeating stage condition
occurred in the HL turbine after one and a half stages. All
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Fig. 5 Tracer gas distribution downstream of stator 1 LL turbine (in-
jection in plane 0, midpitch: hub, casing, midspan, sampling in plane 1,
contours 10-90 percent, interval 10 percent)

testing was performed at the same turbine operating points as
described earlier. Only the results that are of particular interest
are shown with a more comprehensive set contained in Lewis
(1993).

Transport Within Stator Blade Rows. Tracer distributions,
obtained by injection through the first stator of each turbine
build, seemed appropriate as datums against which other tracer
distributions could be compared. The results for stator 1, LL
turbine, when tracer was injected at hub, midspan, and casing
at plane 0 and sampled in plane 1 are shown in Fig. 5. The
solid symbols indicate the position of injection and contours
of total pressure the location of wakes and other high loss
regions. Figure 5(a) shows the result obtained when tracer was
injected into a streamline close to the hub endwall and at
midpitch and Fig. 5(c) by injecting tracer at midpitch midspan.
The core (Fig. 5a) was entrained by the endwall boundary layer
and swept toward the suction surface of the stator blade into
the hub secondary flow vortex. The turbulent diffusion, as
represented by spacing of the contours, was greater around
the hub vortex (Fig. 5a), with the vortex containing transported
endwall boundary layer fluid, than at midspan (Fig. 5¢). The
diffusion above the hub endwall was very similar to that at
midpitch midspan (Fig. 5¢) indicating that the new boundary
layer formed after vortex lift off is very thin (Sieverding, 1985).
A similar result to Fig. 5(a) was obtained when tracer was
injected into a streamline close to the casing endwall (Fig. 5b).
The bulk transport and entrainment of tracer into the casing
vortex was, however, not as large. A possible explanation is
that the tracer was injected into the outer part of the boundary
layer, part of which was swept into the casing vortex and part
of which became entrained in the new boundary layer that
developed after the vortex lift-off line (Denton and Usui, 1981).
The diffusion at midpitch midspan (Fig. 5¢) was small with
the free-stream turbulence level at inlet being 0.5 percent (Lewis,
1993). Slight distortion of the contours toward the casing was
evident, probably due to probe interference, and in the cir-
cumferential direction, due to the sampling plane angle. In
both cases, the distortion was not too significant.

The results of ethylene tracing through the third stator of
the LL turbine, with injection at plane 4 and sampling at plane
5, are shown in Fig. 6. Contours of total pressure are super-
imposed to delineate high loss regions, the contour interval
being the same as in Fig. 5. The aerodynamic differences be-
tween stators 1 and 3 are detailed by Lewis (1993) but it can

be seen that the wake of stator 3 was broader and the secondary.

vortices not as distinct as those of stator 1. The latter is due
to the time-averaging nature of the pneumatic probe and the
movement of the convected features in the unsteady environ-
ment. With tracer being injected close to the hub endwall (Fig.
6a) the tracer core was entrained by the secondary flow and
swept up into the hub vortex. A second peak was located on
the endwall, suggesting that some of the tracer was injected
into the outer part of the incoming boundary layer, forming
the new endwall boundary layer referred to earlier. The in-
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Fig. 6 Tracer gas distribution downstreamof stator 3 LL turbine (injec-
tion in plane 4, midpitch: hub, casing, sampling in plane 5, contours 10~
80 percent, interval 10 perceni)
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Fig. 7 Tracer gas distriution downstream of stator 3 LL turbine (injec-
tion in plane 4, midpitch: 5 mm off hub, 5 mm off casing, midspan,
sampling in plane 5, contours 10-90 percent, interval 10 percent)

creased free-stream turbulence associated with the multistage
environment resulted in greater contour spread away from the
endwall than in Fig. 5(a). In the vicinity of the vortex core,
increased turbulent diffusion was evident. Some distortion of
the tracer contours occurred within the vortex, with the con-
tours being more tightly compressed to the left of the core.
This could be related to the transport of the vortex along the
blade suction surface, which would tend to limit diffusion
toward the suction surface and is a form of ani-
sotropy. A similar distortion can be seen in Fig. 5(a); in both
cases the extent is limited.

Injecting into the streamline close to the casing endwall (Fig.
6b) resulted in similar but greater secondary flow entrainment
to that in Fig. 5(b). This was probably due to the strongly
skewed boundary layer that developed when the rotor shroud
leakage flow was re-injected back into the mainstream flow.
The peak concentration, however, still occurred on the casing
endwall. There was significant spanwise transport within the
casing vortex and wake of the stator blade, with the 10 percent
concentration contour extending to midspan. Again the tur-
bulent diffusion away from the solid surfaces was enhanced
by the increased freestream turbulence.

The cores obtained by injecting 5 mm away from the hub
and casing regions (Figs. 7a and 7b) were convected through
the blade row with little cross-passage or spanwise movement
relative to their injection points. The contours close to the
endwalls were, however, elongated toward the suction surface
indicating the action of cross-passage flow. In the vicinity of
the blade wake, spanwise convection associated with hub and
casing secondary flow was evident. This was particularly no-
ticeable with casing injection (Fig. 7b) where the 10 percent
contour extended to almost midspan. This was caused by. the
strong skew in the casing boundary layer, which entrained fluid
toward and onto the suction surface. The influence of turbulent
diffusion was apparent in all directions. The spanwise spread
from the casing tracer core (Fig. 7b) was less than that of the
hub core (Fig. 7a), perhaps indicating the convected influence
of the secondary flows generated by the upstream rotor. The
rotor hub vortex was significantly stronger than the casing
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Fig. 8 Tracer gas distribution downstream of stator 3 HL turbine (in-

jection in plane 4, midpitch: midspan, sampling in plane 5, contours 10~
90 percent, interval 10 percent)

vortex (Fig. 3) and whether the hub vortex was convected or
converted into turbulence, flow in the hub region would have
experienced greater spanwise transport.

Injection at midpitch midspan (Fig. 7¢) showed that dif-
fusion was the dominant transport mechanism with the con-
tours forming almost concentric circles close to the core.
Approximately twice as much tracer spread occurred in the
spanwise direction as in Fig. 5(¢); this was indicative of the
increased free-stream turbulence level, which from hot wire
measurements was 2-3 percent at stator exit (Lewis, 1993).
There was strong circumferential distortion of the lower con-
centration contours toward the suction surface, which can be
partly explained by the influence of the traverse plane not being
normal to the streamwise direction, although the contours
toward the pressure surface were not similarly distorted. This
suggests that a convective mechanism transported tracer to-
ward the suction surface and away from the pressure surface.
Anisotropic turbulence was discounted due to the location and
magnitude of the effect. In a turbine, the wake generated by
an upstream blade row has a slip velocity relative to the mean
flow, which would entrain tracer toward the suction surface
(Kerrebrock and Mikolajczak, 1970). If the rotor hub vortex
had been convected through stator 3 without losing its struc-
ture, the tracer would also have been transported toward the
suction surface, although more radial spreading than that seen
in Fig. 7(c¢) would have occurred toward the hub.

Similar tracer distributions were obtained in the F/L turbine,
with the effect of increased secondary flow and turbulent dif-
fusion apparent. For conciseness, only one distribution is pre-
sented: Figure 8 shows the tracer distribution obtained by
injection in plane 4, midpitch and midspan of stator 3, and
sampling in plane 5. Total pressure contours are superimposed
to identify the wake and secondary flow regions. The dominant
effect was the unequal circumferential and radial distortion of
the contours toward the suction surface indicative of a con-
vective mechanism transporting flow toward the suction sur-
face (cf. Fig. 7c). By applying the Hinze model, Eq. (1), and
assuming a Schmidt number of unity, the average turbulence
intensity through stator 3 was estimated to be approximately
6 percent. From hot-wire measurements the turbulence inten-
sity at inlet to stator 3 was 12~13 percent and 4-5 percent at
exit.

Transport Within Rotor Blade Rows. Tracer distribution
downstream of any blade row is based on the time it takes for
a particle to pass through that blade row. As there is relative
motion between the tracer source and a rotor, particles passing
through a rotor are also circumferentially displaced, with the
extent of displacement proportional to the transit time. For
example, particles that enter a relative streamline, which passes
close to the suction surface, are displaced circumferentially
less than those that pass over the pressure surface. Assuming
rotor rotation is to the left, particles that have experienced a
short transit time lie to the right of the tracer core and con-
versely tracer to the left of the core has experienced a longer
transit time. The tracer distribution obtained by injecting at
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Fig.9 Tracer gas distribution downstream of rotor 2 HL turbine (injec-
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Fig. 10 Circumferentially averaged tracer gas distribution downstream
of rotor 2 HL Turbine (injection in plane 3, midpitch: midspan, sampling
in plane 4)

midspan and midpitch of stator 2, HL turbine, in plane 3 and
sampling in plane 4 is shown in Fig. 9. The open symbol
indicates the radial location of injection but not the circum-
ferential location, which was to the right of the traverse win-
dow. Substantial spreading occurred in both the spanwise and
circumferential directions with the core having moved radially
outward from the tracer source toward the casing. The effects
of the two transport mechanisms, turbulent diffusion and con-
vection, were almost inseparable. Tracer became entrained in
the rotor blade boundary layer with the contours being stretched
in the direction of rotation, indicating a long transit time,
beyond the sampling area and toward the hub. To the right
of the core, the contours were also elongated but in a direction
counter to that of rotation toward the casing, indicating a
short transit time. The rotation of the contours abouit the core
could have been caused by stream surface warp associated with
the hub vortex. As the rotor hub vortex was very strong with
maximum underturning occurring at 50 percent span and the
casing vortex almost indistinguishable (Fig. 4), the sfream sur-
face rotation would have extended to beyond midspan. The
profile of the circumferentially averaged tracer distribution
was skewed (Fig. 10) with the core having moved toward the
casing as already noted. The area-mean of the effective dif-
fusion coefficient e¢/V,L, obtained by the method described
earlier was 0.0075,

When tracer was injected in other spanwise locations sub-
stantial spreading of the tracer contours occurred in all direc-
tions with interpretation as difficult as in Fig. 9. The
circumferentially averaged profiles were used in a similar man-
ner to that of Fig. 10 to obtain estimates for the effective
diffusion coefficient ¢/ V,L,, which were assumed to represent,
the passage-mean values at the radius of injection. Before
discussing these, the final distributions obtained by injecting
tracer into the shroud leakage flows are presented.

Shroud Leakage. The two turbines had shrouded blades
and hence experienced shroud leakage. The leakage flow was
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Fig. 12 Tracer gas distribution downstream of rotor 2 HL turbine (in-
jection in stator 2 shroud cavity, sampling in piane 4, contours 10-90
percent, interval 10 percent)

traced after re-injection back into the main flow and subse-
quent transport through the succeeding blade row. The dis-
tribution obtained when tracer was injected into the cavity of
the casing shroud (Fig. 2) of rotor 2, LL turbine and sampled
downstream of stator 3 is shown in Fig. 11. Substantial tan-
gential shear of the fluid and significant mixing of the tracer
occurred within the shroud cavity. The tracer entered two
adjacent passages when the seeded fluid was re-injected back
into the main flow. The leakage flow constituted the inner part
of the casing boundary layer, which was then swept on to the
suction surface of the stator blade. Within the casing vortex,
tracer was transported to beyond midspan, with the tracer core
positioned at 90 percent span. Significant tracer was also ob-
served in the right-hand passage away from the suction surface
(Fig. 11), which suggests that some of the leakage flow retained
the spanwise component of the re-injection velocity and was
convected beyond the casing boundary layer. As this leakage
flow had a tangential velocity component as well, it was trans-
ported toward the suction surface.

Injecting of tracer into the hub shroud cavity (Fig. 2) of
stator 2, turbine HL and sampling downstream of rotor 2 in
plane 4 resulted in the distribution shown in Fig. 12. The same
phenomenon of mixing within the shroud cavity occurred with
the point source becoming a line source on re-injection back
into the main flow. The leakage flow was transported to mid-
span in an almost circumferentially uniform manner, with
tracer detected far to the left of the traverse window in the
direction of rotation. Two cores were situated off the endwall,

exactly one blade pitch apart, suggesting that the leakage flow

responded to the local circumferential pressure variation es-
tablished at the stator trailing edge plane and became periodic.

Estimates of Diffusion Coefficients ¢, ¢4, ¢,. Estimation
of the diffusion coefficients ¢, €4, and e, from the tracer dis-
tributions was explained earlier and a summary of the estimates
derived from the LL turbine data is shown in Fig. 13. These
are presented as a function of spanwise position of injection.
Values for the turbulent diffusion coefficient ¢,/ V,L; obtained
downstream of stator 3 ranged from 0.0005 to 0.0009. The
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Fig. 13 Estimates of ¢; and ¢ from tracer distributions downstream
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Fig. 14 Estimates of ¢; and ¢ from tracer distributions downstream
stator 3 and rotor 2, HL turbine

scatter in the data reflects the difficulty in measurement but
also the very complex, three-dimensional flow field in a mul-
tistage environment. The range of effective diffusion coeffi-
cient ¢/ V,L, obtained downstream of rotor 3, is from 0.0026
to 0.0034. The data show less scatter probably because of the
passage averaging that was effected by injecting and sampling
with stationary instrumentation through a rotating blade row.
If it is assumed that e; remained constant through the repeating
stage, then an effective diffusion coefficient due to convective
flows can be determined. A typical value for €.,/ V,L;is 0.0021.
Significant variation of either e¢; or e across the span is not
evident.

Figure 14 shows similar data for the HL turbine. Values of
et/ V,Ls; downstream of stator 3, and e/V,L; downstream of
rotor 2, range from 0.0018-0.0026 and 0.0066-0.0078, re-
spectively. A typical value of ¢.,/ V;L,is 0.005. Again the span-
wise transport appears to be fairly uniform across the whole
span.

Discussion and Conclusion

In the first stator of each turbine, spanwise transport was
confined to the endwall regions where secondary flow was
active. The free-stream turbulence was low and toward mid-
span the bulk of the flow was inviscid and two dimensional.
In the multistage environment the flow field became very com-
plex and three dimensional with significant deviation from the
design intent. This was particularly evident in the more heavily
loaded HL turbine. The aerodynamic and tracer gas results
indicated that within the multistage environment, defined by
the repeating stage, significant spanwise transport occurred
across the whole span. Although the tracer technique gave a
direct indication of the transport, quantitative data were dif-
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ficult to obtain when several mechanisms were superimposed
on each other. The tracer distributions indicated that turbulent
diffusion was fairly uniform across the whole span and al-
though the presence of anisotropy was identified in the vicinity
of the secondary flow vortices, the influence on tracer distri-
bution appeared to be limited. Applying the Hinze model to
the tracer contours gave results that correlated well with the
turbulence intensities measured independently with a hot-wire,

The estimated values of the turbulent diffusion coefficient
e/ VL, are slightly less than those measured by Gallimore and
Cumpsty (1986) in two multistage compressors (0.0018 and
0.0038 in compressors A and B, respectively). Considering the
distinctly different aerodynamic environments that are in-
volved, this is somewhat surprising. A multistage compressor
environment is characterized by strong adverse pressure gra-
dients, thick boundary layers and wakes, and possibly, regions
of stalled flow. These in turn result in significant production
of turbulence, Conversely in a multistage turbine the flow is
continuously re-accelerated, the blade boundary layers are rel-
atively thin, and the endwall boundary layers are re-energized
in every blade row by vortex lift-off. This suggests that a
significant proportion of the turbulence is produced by ‘‘vortex
cutting”’ (Binder, 1985). Although this mechanism is present
in any turbine, it is obviously more dominant in low aspect
ratio geometries.

With the effect of turbulence anisotropy being limited, the
significant distortion of the contours was primarily due to
convective mechanisms, including wake passage, secondary
flow, and leakage flow. Wake passage effects cross-passage
transport although some spanwise transport can also result if
the wake has a spanwise velocity component. Leakage flow,
on re-injection back into the main flow, becomes part of the
endwall boundary layer and as such participates in the gen-
eration of secondary flow. Although very strong hub vortices
developed within the rotors of both turbines, there did not
appear to be a significant increase in spanwise transport in
these regions.

The data presented in Figs. 13 and 14 indicate the magnitude
of the relevant diffusion coefficients. In both turbines the
convective diffusion coefficient ¢, is approximately twice that
of turbulent diffusion ¢;. When the amount of flow turning
performed in turbines is considered and compared to that
obtained in compressors, the result is not too surprising. This
data are used to calibrate simple scaling models presented in
Part 2 of this paper. The approach taken is to consider that
spanwise transport is a result of both turbulent diffusion (e,)
and secondary flow (eg). Application of the data assumes that
the effective diffusion coefficient due to all spanwise convec-
tion ¢, is equivalent to that due to secondary flow ey This is
not rigorously correct but it can be argued that secondary flow
is the dominant convective mechanism. For engineering pur-
poses the approximation is acceptable. In Part 2 the effect of
incorporating spanwise transport is found to be important in
modeling the redistribution of losses and the attenuation of
temperature profiles.
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Spanwise Transport in Axial-Flow
Turbines: Part 2—Throughflow
Calculations Including Spanwise

K. L. Lewis
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Cambridge, United Kingdom

Transport

In Part 1 of this paper, a repeating stage condition was shown to occur in two low
aspect ratio turbines, typically after two stages. Both turbulent diffusion and con-

vective mechanisms were responsible for spanwise transport. In this part, two scaling
expressions are determined that account for the influence of these mechanisms in
effecting spanwise transport. These are incorporated into a throughflow model using
a diffusive term. The inclusion of spanwise transport allows the use of more realistic
loss distributions by the designer as input to the throughflow model and therefore
Jfocuses attention on areas where losses are generated. In addition, modeling of
spanwise transport is shown to be crucial in predicting the attenuation of a tem-
perature praofile through a turbine.

Introduction

Part 1 of this paper described an experimental investigation
into the flow fields found in two low aspect ratio, low-speed
multistage turbines. It was observed that the time-mean flow
adjusts through the machine as the spanwise gradients of en-
tropy and total pressure develop until a repeating stage con-
dition is reached. The distance over which this development
takes place is typically that of two stages. As a significant
proportion of the loss within a low aspect ratio turbine is
generated on the endwalls, the existence of a repeating stage
suggests that the rate of generation of endwall loss, in a global
sense, balances the flux of loss away from the endwall regions.
Spanwise transport is therefore significant and important. The
tracer gas results presented in Part 1 indicate that in a mul-
tistage environment, both turbulent diffusion and classical sec-
ondary flow are responsible for spanwise redistribution. In the
modeling of spanwise transport it is therefore necessary to
consider both mechanisms.

The most common approach for designing turbomachinery
is to approximate the flow field as a series of axisymmetric
concentric streamtubes. Until fairly recently there was little
recognition within streamline curvature schemes that the flow
was three dimensional and highly turbulent. Adkins and Smith
(1982) presented a method that assumed spanwise transport
between streamtubes was due to deterministic secondary flows.

Gallimore and Cumpsty (1986) argued that turbulent diffusion .

was the dominant spanwise transport mechanism with Galli-
more (1986) presenting a streamline curvature model based on
this premise. Wisler et al. (1987) and Leylek and Wisler (1991)
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demonstrated that both mechanisms were present with tur-
bulent diffusion being dominant in the midspan region. To-
ward the endwall, secondary flow effects were of comparable
magnitude.

Subsequent to this debate, a number of papers have been
dedicated to throughflow modeling that introduced either or
both spanwise transport mechanisms (reviewed by Wenner-
strom, 1991). Most investigations to date have concentrated
on the application of spanwise transport models to the pre-
diction of multistage compressor flow fields; little attention
has been focused on the modeling of spanwise transport in
turbines and its significance to flow field prediction.

Assuming these models are still valid, any of the throughflow
models that include spanwise mixing could be applied directly
to the prediction of the turbine flow field. Unfortunately most
approaches depend on some semi-empiricism and the models
have been tuned for compressor flow field prediction. In this
paper two expressions are presented that enable the scale of
spanwise transport due to the two mechanisms of turbulent
diffusion and classical secondary flow to be estimated. A sim-
ple model of spanwise transport has been implemented in the
updated streamline curvature scheme of Denton (1978) and
this scheme is used to predict the flow fields of the turbines
presented in Part 1 and three other applications. The dominant
effect of spanwise transport on the radial variation of efficiency
and total temperature is demonstrated.

Modeling of Spanwise Redistribution in Streamline Cur-
vature Calculations

From a review of the published literature, throughflow
models developed for turbine geometries are not as capable of
predicting main flow features as those developed for com-
pressors. To the author’s knowledge there are few, if any,
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schemes that can predict the secondary flows in a multistage
turbine beyond the use of empirical corrections. This reflects
the difficulty in applying inviscid vortex theory to a flow field
that in general experiences high turning, distortion of the Ber-
noulli surfaces, and very thin boundary layers. It also reflects
the difficulty in applying boundary layer theory to predict
endwall boundary layers that are highly skewed. Methods are
available that can predict the flow field through a single blade
row with boundary layers that are ¢ priori defined (Hawthorne
and Novak, 1969; Glynn et al. 1977; Glynn, 1982; Gregory-
Smith and Okan, 1991). These are claimed to be fairly suc-
cessful for a single blade row but Hunter (1979) showed that
if the method of Hawthorne and Novak (1969) was extended
to even a single stage, the predictions became less accurate,
This is probably true of all schemes.

The approach taken in this study is that of simplicity at the
expense of sophistication and rigor. A model is developed that
allows the scale of spanwise transport to be easily estimated,
and incorporated within an existing throughflow scheme. This
enables a clear picture to emerge in terms of the influence of
spanwise transport in turbines, from which further through-
flow model development can follow.

The experimental results in Part 1 showed that spanwise
transport takes place due to both turbulent diffusion and con-
vective mechanisms. Spanwise transport, however, can only
be included within a throughflow model by the introduction
of a diffusive term; no mass, by definition, can be transferred
across a streamtube boundary. The spanwise transport of vari-
able Q is modeled by

] 0
Vo gome 52 0

where m refers to the meridional direction. Equation (1) is
based on a simplified transport formulation and has a similar
form to the model used by Adkins and Smith (1982). The
diffusion coefficient e is an effective diffusion coefficient de-
termined by contributions from both turbulent diffusion and
spanwise convection, In the two low aspect ratio turbines de-
scribed in Part 1, classical secondary flows were seen to be
dominant in effecting spanwise convection and the effective
diffusion coefficient is modeled as

e=¢€gt ey )

where e is based on classical secondary flow considerations.
A conceptual objection to Egs. (1) and (2) may well arise as
the equations implicitly assume that secondary flows, which
are inviscid, can be modeled by a diffusive term. Any spanwise
convection will, however, have a redistributing effect on the

spanwise distribution of property Q and, based on physical
considerations, be of a diffusive nature to the first order. A
more rigorous approach would be to model secondary flow as
a convective mechanism by the consideration of the S3 trans-
verse plane (De Ruyck et al., 1988). This method, which is
based on a quasi-three-dimensional approach, becomes very
complex and ultimately improved predictive capability is not
guaranteed. In terms of simplicity and ease of implementation,
the model represented by Eqgs. (1) and (2) is preferred. A choice
is now faced in terms of how €, and e, should be determined
and distributed across the span.

Scaling Model for ¢;. A similar approach to that of Gal-
limore and Cumpsty (1986) is taken in determining an appro-
priate value for e;. The production of turbulence is directly
related to the generation of loss and therefore entropy. If a
repeating stage is considered within a multistage turbine, the
turbulence level at inlet to the stage is the same as at exit. Loss
is still generated within the stage and therefore the rate of
turbulence production must be balanced by the rate of tur-
bulence decay. Although the turbulence may not be initially
isotropic, it is presumed that in the global sense the turbulence
can be treated as homogeneous and isotropic. This has been
shown in Part 1 to be an acceptable approximation. Within
the repeating stage each streamtube experiences the same in-
crease in entropy and change in enthalpy. This does not mean
that the rate of generation of entropy in each streamtube is
necessarily the same. Assuming two-dimensional, incompres-
sible flow and applying the Second Law of Thermodynamics

TgAS = Ah() - Apo/p
the definition of isentropic efficiency
n= Aho/A/’los = Aho/(Aho + T3AS)
and the Euler work equation across the rotor
—Ahy=UV,(tan oy —tan ay)= UV (tan o; —tan oy)

gives the entropy increase in each streamtube

T3As= UV, (tan oy —tan a)(1 —9)/n 3)
Equation (3) is representative of the entropy production over
the stage if the stagnation temperature is constant over the
whole span at inlet, The rate of entropy production can be
considered to be proportional to the production rate of tur-
bulent kinetic energy. Due to the repeating stage condition, it
must also be proportional to the dissipation rate of turbulent

kinetic energy. The dissipation rate of turbulent kinetic energy
per unit volume over the whole stage is therefore given by

Nomenclature
N\ = secondary flow kinetic
s*, n*, b* = intrinsic relative coordi- energy
A = constant nates v = kinematic viscosity
C = blade chord T = temperature p = density
h = enthalpy, semi-span U = blade speed ¢ = dissipation rate of tur-
blade height V' = absolute velocity bulent kinetic energy
L = length scale w = secondary flow velocity Y = secondary flow stream
m = meridional perturbation function
m = mass flow X, y, 2 = rectangular coordinates w = vorticity
o = throat opening o = absolute flow angle, .
p = blade pitch, pressure axial reference Subscripts
p’ = projected blade pitch = B = relative flow angle, axial 0 = total
P cos By reference 1 = inlet
Q = dependent variable & = inlet boundary layer 2 = stator exit
Re = Reynolds number = thickness 3 = rotor exit
V.Ls/e A = expression defined by d = turbulent diffusion
s = entropy Eq. (6) p = profile
s, n, b = intrinsic absolute coordi- e = diffusion coefficient sf = secondary flow
nates n = efficiency § = stage, isentropic
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Table 1 Comparison of estimated and experimental values of ¢,/ VL,
Turbine Build Calculated Experimental
LL 0.0009 0.0007-0.0009
HL 0.0020 0.0018-0.0026

&= A mTsAs/pAVol

where A4, is the proportionality constant, AVol the volume of
the stage, and m the mass flow rate.

Assuming an eddy viscosity formulation and a typical length
scale L, of the turbulent eddies, a form of turbulent viscosity
can be determined

va= (Aap) "Ly

nLs

where L, is the stage length. Assuming a Schmidt number of
unity and nondimensionalizing, an expression for ¢, is obtained

izA-d<U(tan oy —tan a;)(1 _71)> 1/3 <ﬂ>4/3 “

<AdUV§(tan oy —tan ay)(1 —n)> ‘“Lm
= d

V,Ls e Ly

where A, is a modified constant of proportionality. Besides
Aj, the one variable that is not known in the design phase is
the length scale Lg. It can be seen from Eq. (4) that it has a
significant influence on the predicted level of ¢; and must
therefore be approximated correctly. L, has the same order of
magnitude as 8, the boundary layer thickness, which is de-
pendent on several parameters including blade loading. An
estimate of the momentum thickness §* can be determined
from the profile loss coefficient Y, blade pitch p, and blade
exit flow angle o,

Y, p cos ay
2

Assuming a turbulent boundary layer and a (1/7)th power
law the boundary layer thickness & is related to 6* by & =
(72/7) 6*. The length scale L, in Eq. (4) is estimated by

Ly=5Y,p cos a,

0" =

To establish an appropriate value of A,, the experimental
data presented in Figs. 13 and 14 of Part 1 were used. The
midspan design values of «, o, Y, and the measured overall
efficiencies were used in Eq. (4) to estimate e;. The efficiency
of the repeating stage should, strictly speaking, be used, but
based on experimental measurements the differences were not
large (Lewis, 1993). A comparison of the experimental data
and estimated values obtained by setting A, to 0.2 is presented
in Table 1.

Scaling Model for e, The approach taken in this paper is
to assume that the redistribution process attributable to sec-
ondary flow has a nature similar to turbulent mixing. Based
on this premise, an eddy viscosity concept is used to define an
effective viscosity coefficient due to secondary flow, »g. The
assumption is acceptable within the confines of the spanwise
transport model, Egs. (1) and (2), even though secondary flow
is an inviscid mechanism. The application of the eddy viscosity
approximation and a Schmidt number of unity allows ey to
be prescribed by a velocity scale and a length scale. The velocity
scale is represented by the secondary flow kinetic energy X and
the length scale Ly, by some appropriate measure of the sec-
ondary flow vortices

Esf=Asf\/XLsf (5)

where 4y is a constant. :
The secondary kinetic energy is determined by applying in-
viscid vortex theory to the uniform density flow through a
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rotating linear cascade. The analysis is based on that of Haw-
thorne (1955) and is contained in Appendix 1. If the velocity
profile at inlet to the cascade is assumed to consist of a linear
gradient with boundary layer thickness 8, and a free-stream
velocity of V;, the mean secondary kinetic energy is

242,
xz———Vlip f<6—l/>
V2

where

—sin (o — ) cos By
cos 33

cos(a; — f3y) <sin 283, —sin 283,

cos f3; cos B 2

and f(8/p’) is a series expansion given in the appendix. It has
the form shown in Fig. 1. This expression for \ is based on a
stationary wall being upstream of the rotating cascade. A sim-
ilar expression, representing the case of a rotating wall up-
stream of a stationary cascade is presented in Appendix 1. The
two expressions (A1) and (A3) model the general cases of flow
into a rotor and stator, respectively.

The maximum possible size of the secondary flow vortex
will be determined by the throat of the cascade. This can be
approximated by p’ (Fig. Al). Substituting for A, Ly, and
nondimensionalizing gives

e 172
A fl—
Esf P pl

A" 2
ViLs ~ Y\hV,cos’ o] Lg

A=

+Bz~ﬁx> ©)

™

A similar analysis yields the effective diffusion coefficient
e;s downstream of a stationary cascade. It has exactly the same
form as Eq. (7) except A is determined by Eq. (A3) and the
absolute flow angle at inlet ¢ is replaced by the relative flow
angle 3,. The experimental data presented in Part 1 were used
to establish an appropriate value of 4. The exit flow angles
based on cos™' (0/p) of the two turbine builds were used as

“input to the Denton throughflow code to obtain the corre-

sponding inlet angles. This analysis was performed about the
third rotor of the LL turbine and the second rotor of the HL
turbine. The values calculated at hub and tip were used to
determine the parameters in Eq. (7) and hence for each build
two separate values of ey. As the boundary layer thickness in
the multistage environment is difficult to define and therefore
measure, the peak value (0.05) of the function f(8/p’) was
used. The experimental data of Figs. 13 and 14, Part 1, show
a degree of scatter but indicate that spanwise transport is fairly
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Table 2 Comparison of estimated and experimental values of ¢,/ V,L,

Turbine Build Estimated Experimental
Hub Tip

LL 0.0027 0.0015 0.0016-0.0026

HL 0.0071 0.0051 0.0042-0.0056

uniform across the span. The latter trend is reflected by the
calculated values of ey, shown in Table 2 with A set equal to
0.02. :

Implementation of Spanwise Transport Model

From the preceding analysis it is possible to estimate e, and
e~ These are average quantities and a method of distribution
across the span has to be considered. In this study a linear
distribution of ey and a constant distribution of e, across the
span were used. The local value of e, was determined by ap-
plying Eq. (7) to the hub and casing regions of each blade row
and assumed to extend from midchord of the particular blade
row to midchord of the succeeding blade row.

In Part I, it was shown that the stages upstream of the
repeating stage experience a reduced level of free-stream tur-
bulence. A modified form of Eq. (2) is therefore suggested,
which allows the application of the scaling model to the initial
stages of a multistage turbine

¢=(eg+¢) tanh ( - ; LS> ®)

The modification in Eq. (8) is somewhat arbitrary but can be
justified by Fig. 2. This shows the variation of the estimated
level of ¢ through the two turbine builds reported in Part |}
based on Eq. (8). The agreement with experimental data is
considered acceptable.

The spanwise transport model is written into a subroutine
that is called by the throughflow model after the inviscid dis-
tributions of stagnation enthalpy, entropy, and angular mo-
mentumn at each quasiorthogonal have been calculated. The
transport equation, Eq. (1), is discretized using finite differ-
ences and solved for the same quantities using the local me-
ridional velocity and value of ¢ defined by Egs. (4), (7), and
(8). A zero gradient boundary condition is used in evaluating
the diffusive terms at the endwalls.

Application of Throughflow Model Incorporating Span-
wise Transport

One of the most important effects of spanwise transport in
multistage compressors is the redistribution of entropy across
the span (Adkins and Smith, 1982; Gallimore, 1986). This must
also be true'to some extent in multistage turbines. An inves-
tigation was made using the LL turbine data described in Part
1 of this paper. The measured rotor and stator relative flow
angles were used as input to the modified streamline curvature
code. Two different methods were used to distribute the loss
coefficient, determined by the built-in loss correlations, across
the span. The resulting distributions for rotor 3 are shown in
Fig. 3(@). The first distribution is based on a linear distribution
of secondary loss superimposed on the local profile loss and
is the standard option available in the throughflow model
(Denton, 1978). This method results in very flat loss distri-
butions. The second method involves a parabolic distribution
from endwall to midspan of secondary loss superimposed on
the local profile loss. The level of secondary loss coefficient
was adjusted until the integrated value across the span was the
same as in the first method. In this way the same total loss is
approximately generated by each method. Additional loss is
introduced by the throughflow model to account for shroud
leakage; the distribution was constant for both cases. The
throughflow model was run without spanwise transport using
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the two distribution methods. The predicted axial velocity pro-
files are compared with experimental data in Fig. 3(b). The
prescribed exit angle distributions, which were based on meas-
ured data, ensure good predictions of the axial velocity in both
cases. Although the loss distributions are significantly differ-
ent, the effect on the axial velocity distribution is negligible
except in the endwall regions. The introduction of spanwise
transport has a minor influence on the axial velocity profile
(Fig. 3b). The Reynolds number based on effective diffusion
coefficient at rotor midspan, -axial velocity, and stage length
was Rep = 330. The spanwise distribution of efficiency (Fig.
3¢) is strongly influenced, however, by both loss distribution
and spanwise transport. By concentrating the secondary losses
toward the endwalls, the parabolic loss distribution lowers the
spanwise efficiency in these locations. The linear loss distri-
bution results in a flat efficiency distribution that is virtually
independent of spanwise transport. The parabolic loss distri-
bution and spanwise transport gives improved prediction over
the region 30-100 percent span as compared to the linear dis-
tribution. The converse is true from hub to 30 percent span.

As the scaling model described by Eq. (4) contains », the
stage efficiency, it is important that the coupling between
the overall loss generation and spanwise transport is weak.
The magnitude of this coupling was estimated by applying the
parabolic loss distributions (Fig. 3a) as input to the through-
flow model with and without spanwise transport. The effi-
ciency, based on mass-averaged quantities at inlet and exit
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from the turbine, dropped by 0.2 percent from 91.0 percent
when spanwise transport was included. Efficiencies based on
throughflow calculations without spanwise transport can
therefore be used as input to Eq. (4), to determine the appro-
priate level of ¢,.

The streamline curvature code has been applied to three other
applications, which have strong gradients-across the annulus
of either a scalar or stagnation temperature at inlet. The at-
tenuation of these profiles was thought to be strongly influ-
enced by spanwise transport. Joslyn and Dring (1992a, 1992b)
studied the attenuation of an axisymmetric concentration pro-
file in a one and a half stage low-speed turbine, the profile at
inlet simulating the spanwise temperature profile typically
found at entry to a high-pressure turbine. The turbine has a
hub-to-tip ratio of 0.8 and an aspect ratio of approximately
1. The transport of a scalar variable based on Eq. (1) was
included in the throughflow scheme. The measured stator and
rotor relative angles were used as input together with the meas-
ured concentration profile at inlet. The calculated efficiency
was used to determine an appropriate level of ¢; and the meas-
ured flow angles at rotor hub and tip to determine €. The
Reynolds number Rey based on effective diffusion coefficient
at rotor midspan was 210. The calculated concentration pro-
files are compared to the test data in Fig. 4 downstream of
stator 1, rotor 1, and stator 2, respectively, The main area of
discrepancy is downstream of the rotor, where the calculated
profile suggests that the scaling models give transport coef-
ficients that are too low. This, to a certain extent, reflects the
simplicity of the approach but it is doubtful whether a more
sophisticated model would do better, without tuning. The ex-
perimental results are somewhat surprising as the very strong
hub vortex within the rotor does not appear to introduce sig-
nificant spanwise transport of the tracer in this region. It is
thought that the physics of this phenomenon can only be cap-
tured by a full three-dimensional calculation. Nevertheless, the
profiles calculated by the throughflow model reflect the at-
tenuation of the concentration profile reasonably well.

In the last two test cases it was assumed that the results and
scaling models obtained from the low-speed research were ap-
plicable to higher speed machines of similar loading and Reyn-
olds number. This is a reasonable assumption as compressibility
effects influence the spanwise redistribution mechanisms of
convection and diffusion in a second-order fashion (Gallimore,
1986). If however, a nonuniform temperature profile exists at
inlet to a stage, the secondary flow through the rotor can be
modified markedly (Hawthorne, 1974). This is not necessarily
a compressibility effect as a similar influence is observed in
incompressible stratified flows and is related to the density
variation. As the scaling model for ey is based on vorticity
generated in a uniform density flow, it is not strictly applicable
to a flow field with a nonisothermal inlet profile. It is however
thought that the scale (which is shown later to be more im-
portant than the precise value) of ey predicted by assuming an
isothermal flow would still be approximately correct. The fol-
lowing two cases are approached from this perspective.

The second application is based on the experimental study
of the flow through a single-stage turbine with a nonuniform
radial temperature profile at inlet (Schwab and Stabe, 1983).
The test turbine was a 0.767 scale model of the first stage of
a two-stage core turbine designed for a modern high bypass
ratio engine. It had a hub-to-tip ratio of 0.858 and an aspect
ratio of approximately one. The maximum to minimum var-
iation of the temperature profile was 16 percent of the mean
temperature. Design flow angles were used as input to the
throughflow code and the scaling models. The calculated ef-
ficiency was used in Eq. (4). The attenuation of the inlet tem-
perature profile with and without spanwise transport calculated
at a traverse plane 0.76 m downstream of the rotor.are com-
pared in Fig. 5(a). The Reynolds number based on the effective
diffusion coefficient at rotor exit was Rez = 350. When span-
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wise transport is included the temperature profile is well pre-
dicted. If spanwise transport is set to zero, Reg = oo, the
endwall temperatures are underpredicted by approximately 50
K and the midspan region overpredicted by 30 K. By scaling
the effective diffusion coefficient, Eq. (2), by 0.5 (Rez = 700)
the relative insensitivity of the calculations to the precise level
of spanwise transport is apparent.

The final test case is based on data obtained from a steam
mixed-flow turbine situated in the Berkeley nuclear power plant
(Curtis and Halliday, 1969). The two-stage turbine is supplied
steam from two sources: the inner part of the span, from the
upstream high-pressure turbine, and the outer part, by fresh
steam obtained from a second heating loop directly from the
reactor. In this turbine the maximum to minimum temperature
variation at inlet is 33 percent of the mean temperature. At
inlet the hub to tip ratio was 0.8 and the aspect ratio 2.2. The
Denton throughflow code has the option of perfect gas prop-
erties or steam properties, the latter being used in this case.

. Design flow values were used as input to the throughflow model

and the scaling models, the calculated efficiency as input to
Eq. (4). The Reynolds number based .on effective diffusion
coefficient was Rep = 420. From the experimental data a
significant temperature profile still exists at exit from the sec-
ond stage as seen in Fig. 5(b). The calculated temperature
profile, with spanwise transport included, shows improved
agreement between experiment and calculation, the difference
not being substantial. This reflects the reduced significance of
spanwise transport in a higher aspect ratio turbine even though
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the Reynolds number Rey is approximately the same as in the
previous test case.

Discussion

The results of the calculations presented here demonstrate
the importance of including spanwise mixing in streamline
curvature methods. This allows the use of more realistic loss
distributions where the loss is concentrated at source and not
distributed across the span. It has been common practice to
distribute secondary losses more uniformly across the span,
which tends to mask their importance and significance. Two-
dimensional design has now advanced to the stage that sig-
nificant reductions in profile loss are hard to achieve; the major
area of potential loss reduction involves the unloading of end-
walls through the use of three-dimensional blade design. The
introduction of spanwise transport is important in focusing
attention on the significant areas of loss production.

Gas turbines in general operate with a spanwise temperature
profile at inlet to the first-stage turbine. This is a result of
tailoring of the combustor exit profile by dilution air within
the combustor. The attenuation of this profile, as the flow
passes through the turbine, is important to the designer as it
influences the distribution of cooling and thermal stressing.
The rate of attenuation is controlled by work extraction, which
is calculated by any throughflow model, and spanwise trans-
port. It has been shown that far better agreement between
experimental data and predictions is obtained when spanwise
transport is included. The scaling models used to determine
the magnitude of spanwise transport are simple expressions
based on the kinetic energies of turbulence and secondary flow.
The influence of strong temperature gradients, which is not
taken into accourt, will result in the generation of different
secondary flows, the strength of which will depend on the
spanwise gradients of temperature and pressure. The fact that
good agreement is obtained indicates that the correct scale of
spanwise transport is predicted, but not necessarily the correct
value. This degree of insensitivity, reflected in Fig. 5(@), is well
known from multistage compressor calculations (Gallimore,
1986): Including a reasonable amount of spanwise transport
improves the quality of the calculations considerably.

The Incorporation of spanwise transport into a throughflow
model gives the designer the capability to predict temperature
profile attenuation early in the design phase. The method pre-
sented in this paper is simple and a more rigorous approach
might improve the quality of prediction. Ultimately, the success
of any prediction will be governed by the basic assumptions
on which throughflow models are based, the point at which
three-dimensional multistage schemes come into their own.

Conclusions

The experimental evidence of the repeating stage as shown
in Part 1 strongly suggests that spanwise transport is important
and significant in low aspect ratio multistage turbines. Span-
wise transport redistributes endwall losses toward midspan by
two mechanisms: turbulent diffusion and convection. It is nec-
essary to model both of these mechanisms to generate the
correct scale of transport. By incorporating a model of span-
wise transport in a throughflow scheme it is possible to pre-
scribe more realistic loss distributions across the span and
thereby focus attention on where the losses are generated.

Calculations of the flow within three turbines showed that
it is necessary to include the effects of spanwise transport in
throughflow models in order to predict the correct attenuation
of a spanwise temperature or scalar profile. Agreement with
experimental data, considering the simplicity of the spanwise
transport model, was good. The ability to predict this atten-
uation early in the design phase will aid the designer in con-
sidering spanwise distribution of cooling and thermal stressing.
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APPENDIX

The rate of generation of secondary kinetic energy is deter-
mined by considering inviscid vortex theory and applying it to
the general case of uniform density flow through a rotating
cascade. The analysis is based on that of Hawthorne (1955)
and is considered in the intrinsic relative coordinate system s,
n*, b*, shown in Fig. Al. If the relative Bernoulli surfaces are
assumed cylindrical, the development of the absolute vorticity
resolved along the relative streamline s* is given by (Horlock
and Lakshminarayana, 1973)
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Wep =
B cos B  cos 3 cos B, 2

where subscripts 1 and 2 refer to cascade inlet and exit stations.
For a rotor, in the general case, the upstream wall will be
stationary and the incoming vorticity, defined by w = w,;, =
3V,/0b, has to be resolved into the relative streamwise s* and
normal n* directions

* *
* Wy COS ", sin 203, —sin 2
ws1 © 51+ Wnt ( B2 6l+52‘51>

* .
Ws) = — Wy SIN (011 - 61)

*
Wy = Wy COS (0{1 - 61)

The absolute vorticity resolved in the relative streamwise
direction becomes

W = @i
where
—sin (a1 —B)) cos By
A=
cos B,
- in 28,—sin 2,
cos (o, —B;) (sin 23, —sin Bl+32"51 (A1)
cos 3, cos 3, 2
By defining a secondary stream function  where w, =
3y/ab™ and w, = —3y/dn” a series solution can be found to
the Poisson equation
iRV ) .
P TE

where y = L% ;3,5 Yy sin kab™/p’ and Yy is given by a similar
series. The boundary conditions, ¢ = 0 where n* = 0 and n*
= p’; ¢ = 0 where b* = 0 and b* = £ define the complete
solution for ¢

Y= >} Ysin kab"/p’

k=1,3,5
where for 0 < b* < 6
2
V ’ ’ * ’
¢k:4—(%6_1 (1= k™ p" _ o=knb™/p" ginh knb*/p")
T
and for 8 < b* < h
4Ap"*V */pt ’
wﬁe‘“b 7" (cosh kxb"/p" ~ 1)

Using the series expansion for y and its definition in terms
of the secondary velocities w, and w;, the mean kinetic energy
A of the secondary flow is given by

D h 1
S S ~ (W2+wj)on*ab”
0 Yo 2

p’ Ak
S S an*ap*
0 0

If the velocity profile is assumed to consist of a linear gra-
dient with boundary layer thickness 6, and a free-stream ve-
locity of Vi, N\ becomes

v ()

A » (A2)
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where f(8,/p’) is a series expansion

-

e

—— (kwd/p’ — 1+ ¥™VP" (2 _cosh knb,/p’))
55,5 (k)
f(8;/p") has the form shown in Fig. 1.

A similar analysis can be performed for the stator. In the
general case, the upstream wall will be rotating, and the in-
coming absolute vorticity resolved in the intrinsic relative co-
ordinate system is w = wy, = dW;/db. This has to be converted
back into the absolute streamwise and normal directions

*
W51 = — Wy SiN (B~ o)
*
W1 =Wy €08 (81— o)
The absolute vorticity becomes

W= wmA
where
A —sin (8; — o) cos o
B cos o
cos — in 2oy — sin 2
" (61 O{l) <Sll’l 165} 1 011+a2w011> (A3)
COS a COS ap 2
The mean kinetic energy A is
Win%p' (6
A=—"-"1fl— Ad
7 S > (A4

The series expansion f(8,/p") is the same as in the rotor case.
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The Unstable Behavior of Low and
High-Speed Compressors

By far the greater part of our understanding about stall and surge in axial compressors
comes from work on low-speed laboratory machines. As a general rule, these ma-
chines do not model the compressibility effects present in high-speed compressors
and therefore doubt has always existed about the application of low-speed results
to high-speed machines. In recent years interest in active control has led to a number
of studies of compressor stability in engine-type compressors. The instrumentation
used in these experiments has been sufficiently detailed that, for the first time,
adequate data are available to make direct comparisons between high-speed and
low-speed compressors. This paper presents new data from an eight-stage fixed
geomelry engine compressor and compares them with low-speed laboratory data.
The results show remarkable similarities in both the stalling and surging behavior
of the two machines, particularly when the engine compressor is run at intermediate
speeds. The engine results also show that, as in the laboratory tests, surge is pre-
cipitated by the onset of rotating stall. This is true even at very high speeds where
it had previously been thought that surge might be the result of a blast wave moving
through the compressor. This paper therefore contains new information about high-
speed compressors and confirms that low-speed testing is an effective means of
obtaining insight into the behavior of high-speed machines.

l. J. Day

Whittie Laboratory,
University of Cambridge,
Cambridge, United Kingdom

C. Freeman
Rolls-Royce plc,
Derby, United Kingdom

Introduction

Although stall and surge have been one of the most persistent
problems in the history of aero-engine design, the study of
these disturbances in high-speed machines has received rela-
tively little attention. There are two reasons for this: First,
high-speed testing is expensive, and, second, there is a natural
reluctance to study a phenomenon that is not part of successful
compressor design. Much of the work on stall and surge has
thus been done in the laboratory at low speed.

By testing at low speed, the implicit assumption is made that
compressibility is not an important factor and the results can
be read across to high-speed machines. Until now there has
not been a systematic study to prove that this assumption is
correct. Some high-speed data do exist, e.g., Mazzawy (1980),
Reis and Blocker (1987), Small and Lewis (1985), and Hosny
and Steenken (1986), but, in general, the effects of compres-
sibility have not been studied in any detail.

In historical terms, the experimental work on low-speed
machines, and particularly the little that has been done on
high-speed machines, has concentrated on the effects of the
fully developed disturbance. Surge has been studied to assess
the effects of reversed flow on structural loading, and stall,
to examine recovery problems and fatigue stressing of the
blades. Inrecent times, however, the emphasis has shifted away
from the study of the fully developed disturbance to concen-
trate on how these disturbances came into being, i.e., the
inception process.

Contributed by the International Gas Turbine Institute and presented at the
38th International Gas Turbine and Aeroengine Congress and Exposition, Cin-
cinnati, Ohio, May 24-27, 1993. Manuscript received at ASME Headquarters
February 12, 1993, Paper No. 93-GT-26. Associate Technical Editor: H. Lukas.
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Epstein et al. (1986) published a paper suggesting that active
control could be applied to stall and surge to extend the useful
operating range of the compressor. The implementation of
active control relies on the idea that if stall and surge can be
shown to begin from small perturbations, it should be possible,
by the introduction of artificially induced ‘friendly’’ pertur-
bations, to create conditions in which the original perturbation
can be held in check. This concept has therefore prompted a
whole new series of experiments on stall and surge inception.
Laboratory tests show that the instabilities do indeed begin as
small perturbations and that the inception process is ordered
and well defined (Day, 1993). This work is now being followed
up by detailed experiments on engine compressors to see if this
is also true at high speed. The first of these experiments is
presented here to give a back-to-back comparison of stall in-
ception processes in low and high-speed compressors.

Stall and Surge

In general term, rofating stall is a disturbance that affects
the flow in the region of the compressor blading. The dis-
turbance, once initiated, rotates about the compressor, causing
severe blade vibration and, above all, a drop in overall pressure
rise. In an engine, as opposed to a compressor rig, rotating
stall, in all but its minor forms, will seriously restrict the flow
into the combustion area leading to overheating and deceler-
ation of the engine. Restarting of the stalled engine is then not
possible until the stall cell has been cleared and normal flow
conditions restored. This usually requires an almost complete
shutdown of the engine. In high-speed rigs, where the com-
pressor is driven by an electric motor, blade vibration and
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NUMBER OF STAGES: 4
HUB/TIP RATIO: 0.75
REYNOLDS NUMBER: 1.7x105
SPEED OF ROTATION: 3000rpm

Fig. 1 The Wittle Laboratory’s C106 low-speed compressor

temperature rise are the most serious consequences of rotating
stall.

Surge, on the other hand, is an oscillation of the mass flow
through the compressor and only occurs where a significant
amount of pressure energy is stored downstream of the com-
pressor. This is usually the case in an engine at high speed,
where the combustion chambers act as an energy reservoir. In
industrial situations this also happens where there is significant
duct work at the compressor exit. Because surge only occurs
where there is storage capacity downstream of the compressor,
it is usually referred to as an ‘“‘installation’’ or ‘‘system’’ in-
stability. In the past, a lot of time and energy has been spent
modeling surge as a one-dimensional disturbance. Much can
be learned using this approach; however, it is becoming abun-
dantly clear that in an axial compressor, surge is actually the
consequence of a two-dimensional instability, i.e., rotating
stall (Day, 1991). Thus, a compressor may go into stall or surge
depending on the speed of rotation and the geometry of the
installation, but both types of disturbance are the result of the
same fundamental inception process.

In the work that flows, we will examine the general behavior
of a low-speed laboratory compressor and then compare this
with the results from the high-speed tests. An engine com-
pressor operates over a wide speed range and it is obviously
not practical to consider all possible operating conditions. For
convenience the results have therefore been divided into three
categories: low, medium, and high-speed behavior.

Experimental Facilities

The experimental results in this paper were derived from
two sources: the low-speed compressor at the Whittle Labo-
ratory, and a Viper compressor tested as part of a complete
engine on a test bed at Rolls-Royce.

The Wittle Laboratory compressor, designated the C106, is
a low-speed machine of incompressible design having four
identical stages preceded by a lightly loaded set of inlet guide
vanes. The hub-casing radius ratio is 0.75 and the speed the
rotation is 3000 rpm, giving a rotor Reynolds number of
1.7 10°. The blading is of modern controlled diffusion design
and is representative of current HP compressor practice. An
outline drawing of the compressor is given in Fig. 1.

The high-speed compressor used in this study is part of a
fully operational Rolls-Royce Viper engine. The engine has a
single spool and the compressor is of fixed geometry design,

.e., there are no variable vanes. The speed of rotation from
idle to full speed ranges from 4000 to 13,850 rpm, and the
hub-casing ratio changes from 0.5 at inlet to 0.85 for the last
blade row. The flow rate through the compressor is measured
using a calibrated test-bed inlet and standard instrumentation.
Details of the engine are shown in Fig. 2. -

In the case of the laboratory compressor, the operating point
can be moved up and down a fixed speed characteristic simply
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MEASURING STATIONS

NUMBER.OF STAGES: 8

SLS THRUST: 3330 Ibf
COMPRESSOR PRESSURE RATIO: 5:1
SHAFT SPEED: 13850 rpm

Fig. 2 View of Viper engine showing compressor layout and pressure
transducer positions

by changing the setting of the downstream throttle valve. The
pressure rise is low and the flow is basically incompressible.
Changing the compressor speed therefore has little effect other
than to change the Reynolds number. In the engine, however,
special steps are necessary to change the compressor working
line. The engine has neither a physical throttling device, nor
the inclination to rotate at fixed speed while other conditions
are being varied. The usual method of pushing an engine com-
pressor beyond the stability limit is to use a technique known
as fuel spiking. This involves the removal of the normal fuel
management system so as to allow the sudden injection of
excess fuel into the combustion chamber. The rapid overfueling
raises the back pressure on the compressor and, before the
shaft has time to accelerate fully, the compressor is driven into
stall or surge. For most engines this technique is effective at
low and medium speeds, but at full speed the process leads to
detrimental overheating and cannot be used.

In the current experiments, the problem of how to change
the working line of the compressor at high speed was overcome
by major modifications to the engine. Extra air from an outside
source was injected into the combustion area via a ring man-
ifold system with twelve inlet ports. In this way the compressor
could be forced to go unstable at more or less fixed speed by
suddently increasing the amount of air being injected, i.e.,
ramp injection. At lower speeds instability could also be in-
duced by injecting air at a steady rate while the engine is
decelerated to a point where the back pressure is more than
the compressor can support. Both the ramped injection and
steady blowing techniques were used in the experiments re-
ported here.

To study the processes by which the compressor becomes
unstable, and the events subsequent to instability, numerous
circumferential direction. In the laboratory tests, circumfer-
ential arrays of six hot wires were used, hot wires having the
advantage of being able to explore the full height of the an-
nulus. In the engine tests hot wires could not be used because
of the harsh environment, and pressure transducers were used
instead, five per circumferential array. Unlike the low-speed
compressor, flow conditions change along the length of the
compressor in the high-speed case and therefore circumfer-
ential arrays were necessary at four or five axial stations.

Stage Matching in a High-Speed Compressor

The flow through the laboratory compressor is essentially
incompressible and therefore all stages receive air at the same
Cx/U and perform in the same way, all moving toward or
away from stall at the same time. This is not true for the engine
compressor, however, where the annulus is not parallel and
compressibility effects are important. Prior to instability the
stages experience different loading conditions depending on
the speed of rotation of the machine. At low speeds, the air
entering the compressor is incompletely compressed in the front
stages with the result that the rear stages receive air at a higher
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Fig. 3 Engine compressor performance predictions showing the op-
erating points for the front, middle, and rear stages at low, medium, and
high speeds

than design Cx/U, thus pushing the operating point for these
stages away from stall. At high speeds, on the other hand, the
front stages compress the air so effectively that the rear stages
receive air at a lower than usual Cx/U, thus forcing them to
operate close to stall. This shifting of peak stage loading as
the compressor speed changes is illustrated in Fig. 3.

In Fig. 3, three groups of stage characteristics, representing
conditions at the front, middle, and rear of a compressor, are
shown for low, medium, and high speeds. These characteristics
were derived by predictive means and on each one a dot is
used to indicate the operating condition for that particular
stage while the compressor as a whole is operating at the sta-
bility limit. [t can be seen that in the low-speed range, the
front stage operates to the left of the peak of the characteristic
while the rear stage operates farthest from the point of insta-
bility. In the mid-speed range, all three stages in this case are
similarly loaded and the compressor may be considered to be
well matched from front to back. At top speed it is the rear
stage that operates closest to the point of instability while the
front stage is well away from stall.

The position of the stage that is most heavily loaded, and
that is most likely to cause stall, thus shifts from the front to
the rear of the compressor as the speed goes up. This phe-
nomenon is well known in high-speed compressors (Cumpsty,
1990), and in subsequent sections it will be shown how this
shift in stage loading affects the stall and surge behavior of
the compressor.

Overall Performance After Instability

Before considering the process by which the flow through
the compressor becomes unstable, it will be useful to examine
the overall behavior of the high-speed compressor after insta-
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bility has set in. To this end, Fig. 4 shows a number of fixed
speed pressure rise characteristics for an imaginary compressor
at various operating conditions. Together with the efficiency
curves, these lines constitute the overall performance map of
the compressor. The map is bounded at the upper edge by the
so-called ‘‘surge line.”” This is a general term used to describe
the locus of all points at which the flow becomes unstable
either through surge or stall. At low speeds the compressor
experiences a type of post-stability disturbance known as ‘‘front
end stall.”” This is generally a disturbance of light intensity
that does not hinder the startup process of the compressor,
unless it degenerates into single cell rotating stall. At higher
speeds, say between 65 and 85 percent of full speed, the com-
pressor will go into rotating stall at the surge line. In this case
the disturbance is severe and the abrupt loss of efficiency means
that the engine must be shut down to prevent the turbine
overheating. At still higher speeds, the combined compression
and combustion systems hold sufficient stored energy for the
engine to surge. This process results in repetitive cycles in-
volving temporary flow reversal, unless, as can happen at max-
imum speed, combustor flame-out occurs and then only the
first part of the first flow reversal cycle is observed.

The types of compressor behavior described here can be
illustrated in more detail by looking at the actual results from
the Viper compressor, Fig. 5. (It should be noted that the
instrumentation used for these measurements is standard test
cell equipment and is of limited dynamic range. Some transient
features of the stalling behavior are therefore lost, but the
overall trends are well represented.) Figure 5 shows the ex-
perimentally determined working line of the compressor and
the surge line. Also shown are the trajectories of the compressor
operating points immediately before and after instability. As
previously explained, the operating point of the compressor
does not move from the working line to the surge line along
any particular path. The path depends on the technique used
to induce instability.

Considering the various test runs in turn, we start with runs
1 and 2 where the working line and surge line are close together.
At these low speeds the compressor operates in stall all the
time; this type of stall being ‘‘front end stall,”” which is rel-
atively light and is not severe enough to prevent the compressor
from being accelerated to a higher speed. If overfueling occurs
while operating in this condition, however, a change to fully
developed rotating stall, affecting the whole compressor, will
occur with the result that the engine will have to be shut down.
This change from ‘“‘front end stall” to rotating stall will be
illustrated in detail in a later section.

In the mid-speed range, as for tests 3 and 4, overfueling the
engine pushes the operating point over to the surge line where
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Fig. 5 Viper performance map showing the post-stability trajectory of
the compressor working point at various speeds (figure is in two parts
to improve clarity)

rotating stall is initiated. Once stalling occurs, the compressor
mass flow drops suddenly with an accompanying drop in pres-
sure rise and the engine is again forced to shut down. The type
of stall that occurs at this speed is known as single cell full
span stall, or “‘locked-in stall,”’ and is responsible for an abrupt
loss of efficiency. The stall cell extends as a single axial dis-
turbance throughout the length of the compressor and rotates
around the annulus at about 50 percent of rotor speed.

If the engine speed is increased slightly, but stays within the
mid-speed range, for example test 5 in Fig. 5, a disturbance
of very different proportions occurs when the compressor is
pushed beyond the point of instability. Here surge is encoun-
tered for the first time and the flow through the compressor
undergoes a number of violent oscillations before the fuel is
cut and the compressor slows down. In the low-speed labo-
ratory compressor, this type of oscillation can be sustained
indefinitely, but in an engine environment the risk of structural
damage means that rapid shut-down is essential.

It is interesting to note that the change in speed between
runs 4 and 5 in Fig. 5 is relatively small, yet the change in
compressor behavior is remarkable. The same thing was ob-
served by Greitzer (1976) in the testing of his low-speed com-
pressor when it was noted that the speed range separating
rotating stall and surge is very narrow. In the context of the
Viper tests, Fig. 6 illustrates both the narrowness of the speed
divide and the dramatic difference in compressor behavior.
This figure shows the recorded pressure levels from circum-
ferential arrays of probes at various stations along the length
of the compressor. The left-hand side of the figure, at 80
percent speed, shows the compressor going into rotating stall,
while the right-hand side, at 83 percent speed, shows the dis-
tinctive one-dimensional oscillations associated with surge. The
speed range separating these two pictures is just 3 percent.
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Fig. 6 Examples of rotating stall and surge in the Viper compressor
separated by a small change in speed. The plots show pressure meas-
urements from five circumferential positions at various stations along
the length of the compressor.

Returning to Fig. 5, it can be seen that a further change in
compressor behavior occurs as we approach full speed, runs
6 and 7. Here, a repetitive surge cycle does not occur, as for
test 5, because the initial mass flow fluctuation is so vigorous
that the engine experiences a flame-out, followed by a rapid
drop in rotational speed. Surge at this speed therefore consists
of just the first part of a surge cycle, i.e., a sudden reversal
of flow followed by rotating stall as the engine coasts to a
standstill.

Having considered the question of stage loading prior to
instability, and the overall behavior of the compressor after
instability, we now consider the instability process itself, i.e.,
the details of the inception process through which the flow
becomes unstable.

Stall Inception in the Laboratory Compressor

A number of detailed studies of stall inception in low-speed
compressors have been conducted in recent years. It has been
found that there are two distinctly different mechanisms by
which axisymmetric flow becomes unstable. The first mech-
anism to be identified was that associated with modal pertur-
bations. The theoretical work behind the identification of these
modes was done by Moore and Greitzer (1986) and the ex-
perimental validation by McDougall et al. (1990), Garnier et
al. (1991), and Day (1993). In this type of stall inception small
velocity perturbations of circumferential length scale appear
in the flow just prior to stall. The perturbations rotate around
the annulus and grow over a number of revolutions until the
perturbation itself becomes so intense as to be recognizable as
astall cell. The speed with which the modal perturbation rotates
remains relatively steady from first detection right through to
the fully developed state.

An example of stall occurring via a modal perturbation is
illustrated in Fig. 7 where six hot wires are used around the
circumference of the compressor to track the development of
the mode. In this figure, the perturbation is first visible at
about rotor revolution 10, and over the next twelve revolutions
grows to maturity as a single, full-span stall cell. The rotational
speeds marked in the figure show that there is no change in
frequency during the development process. This type of stall
cell thus originates from an infinitesimally small disturbance
and can therefore be adequately modeled by linear theory.

The second mechanism by which the flow may become un-
stable is via the growth of a small localized disturbance, which
appears without precursive build-up, and which grows quickly
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Fig. 7 Example of rotating stall originating from a model perturbation
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Fig.8 Example of rotating stall originating from a localized disturbance
in the low-speed compressor

to engulf a large part of the annulus. This type of stall inception
was first identified by Day (1993) and can be visualized as a
patch of locally separated flow initially affecting just the tips
of one or two blades. An example is given in Fig. 8 where the
first sign of instability occurs on wire 2 at rotor revolution 15.
At this point the instability is very small, but it grows to become
a fully developed stall cell in just six rotor revolutions. It is
important to note that the speed of rotation of the disturbance
changes markedly as it grows in size, i.e., from 72 percent at
outset to just 45 percent when mature. The change in speed
provides a useful means of identifying this type of stall incep-
tion.

Of the two stall inception processes outlined above, the
second is the most representative of what is observed in the
Viper compressor. The measurements in Fig. 8 will therefore
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Fig.9 Stall inception in the engine compressor at midspeed measured
at five circumferential positions near the front of the compressor. The
stalling pattern originates from a localized disturbance.

be used as the starting point for assessing the similarities be-
tween the laboratory compressor and the Viper engine.

Stall Inception in the Engine at Midspeed

It will be recalled that in the midspeed range, 75 to 85 percent
of full speed, all of the stages in the engine compressor are
approximately matched near the surge line and all approach
instability at the same time. This is much the same as what
happens in the laboratory compressor where the flow is in-
compressible and all the stages are equally loaded. It is there-
fore in this speed range that we should expect to see the greatest
similarity in the behavior between the low-speed and high-
speed compressors. Figure 9 shows measurements from the
engine using five pressure transducers equally spaced about
the annulus near the front of the compressor. Because wall-
mounted pressure transducers were used instead of hot wires,
the initial perturbations peak upward instead of downward;
nevertheless, there is no mistaking the similarity of the stall
development patterns in Figs. 8 and 9.

In Fig. 9 a small localized disturbance appears at revolution
24 and grows to become a single fully developed stall cell. As
in Fig. 8, the speed of rotation is high at the beginning and
lower when the cell is fully developed. It may therefore be
concluded that in this speed range the engine and the laboratory
compressor behave in very similar ways, each stalling as the
result of a small localized stall cell, which rotates quickly at
first, but slows down as it grows in size. Figure 9 is thus the
first clear picture we have of stall inception in an engine com-
pressor and suggests that, in this instance at least, stall incep-
tion is via a localized disturbance rather than a modal
perturbation.

The lead-in traces in Fig. 9, from rotor revolutions 0 to 24,
are more turbulent than those in Fig. 8 (for the laboratory
compressor) and therefore it is reasonable to ask if some form
of modal perturbation is not perhaps present in the background
noise. This is a possibility; however, Fourier analysis in one
and two dimensions has failed to yield any sign of a coherent
disturbance in this region. Other tests for modal coherence,
based on radar identification techniques, have also found no
evidence of precursive model disturbances.

Surge Inception in the Laboratory Compressor

Even though it is a low-speed compressor, the C106 can be
made to surge, rather than stall, if a large plenum is interposed
between the compressor exit and the throttle. The additional
energy stored in the plenum means that a surge cycle will be
set up as soon as the compressor goes into rotating stall. Ex-
periments demonstrating the part played by rotating stall in
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Fig. 11 Details of the rotating stall at the start of the surge cycle in

the low speed compressor, using six hot wires ahead of the first rotor.
(These measurements are for an event similar to, but not the same as,
the one shown in Fig. 10. A smaller plenum was used here.)

initiating surge have been reported by Day (1991), and a set
of representative measurements for the laboratory compressor
is given in Fig. 10.

Figure 10 shows the first, and part of the second, of a series
of repeating surge cycles. The upper trace is from a hot wire
positioned upstream of the first rotor and records the axial
velocity in the compressor, while the lower trace shows the
corresponding pressure variation in the plenum chamber. For
the first 25 revolutions of the traces shown, the compressor
operates in a stable manner at peak pressure rise. At revolution
25 the flow becomes unstable and-a burst of rotating stall is
observed, followed by a dramatic fall in plenum pressure. The
rotating stall itself is short lived and is soon replaced by axi-
symmetric reversed flow (Day, 1991). About 40 revolutions
after the start of the cycle the compressor unstalls and the
plenum pressure begins to rise. Provided the throttle has not
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Fig.12 Engine pressure measurements at mid-speed showing rotating
stall at the start of the surge cycle

been moved since the cycle began, a second surge cycle will be
initiated when the compressor stalls again at peak pressure
rise.

The patch of rotating stall that initiates the surge cycle is
more clearly illustrated in Fig. 11. Here six hot wires around
the annulus are used to monitor the circumferential movement
and growth of the stall cell. It can be seen that a small localized
stall cell appears, without modal build-up, opposite hot wire
3 at revolution 4, and then rotates and grows to the point
where the whole of the annulus is enveloped in reversed flow.
This stall inception process is exactly like that in Fig. 8, even
to the point where the initial speed of the stall cell is also 72
percent. Surge in the laboratory compressor thus begins with
the sam inception process associated with rotating stall.

Surge in the Engine Compressor at Medium Speed

In the Viper engine, a repetitive surge cycle is first observed
when the speed reaches 83 percent of full speed, as can be seen
in Fig. 5, test 5. At this speed, the stages are well matched and
all approach the instability line at the same time, as is the case
in the low-speed laboratory compressor. We can therefore
expect that the engine will again behave in the same way as
the laboratory compressor. Detailed measurements of the start
of a surge cycle in the Viper compressor at 83 percent speed
are shown in Fig. 12. As before, five equally spaced pressure
transducers were used at the front of the compressor. It can
be seen that the start of the instability process is fundamentally
similar to that for rotating stall, as shown in Fig. 9. This means
that surge at mid-speed in the engine compressor begins with
the formation of a localized stall cell and develops in the same
way as in the laboratory compressor.

The preceding figures confirm that at certain speeds, where
all the engine stages are well matched, useful information about
stall and surge in the engine can be obtained directly from
incompressible laboratory tests. It will be shown below that
although conditions at low speed and high speed in the engine
are somewhat different from those in the laboratory com-
pressor, the fundamentals of stall inception learned from the
laboratory tests provide useful insight into the engine results.

Stall in the Engine Compressor at Low Speed

Having discussed the behavior of the engine compressor at
midspeed where all the stages are well matched close to stall,
it remains to show what happens in the engine at the lower
and upper end of the speed range. We first consider conditions
at low speed, i.e., as for test runs 1 and 2 in Fig. 5. It will be
recalled that the front stages are the first to run into trouble
at this speed, see Fig. 3, and that rotating stall is often a
permanent feature of operation in this range. In this particular
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Fig. 13 Engine measurements at low speed showing a three-cell “front
end stal” patiern changing to a single cell pattern. This forces the engine
to be shut down.

case in the Viper compressor, three equally spaced stall cells
were observed to be present right from start-up. The influence
of these cells appeared to be restricted to the first three stages
of the compressor. (The process by which these cells first form,
i.e., their inception phase, was never observed because the cells
were already present by the time the engine reached light-up
speed.)

The type of stall cells seen here are not unlike the part-span
cells sometimes found in lightly loaded laboratory compressors
(Day, 1976). How far the cells extend down the span of the
blades is not known in this case, but the similarity with part-
span cells in other compressors is supported by the fact that
these cells do not stop the engine from operating normally,
albeit slightly inefficiently. Part-span cells do not usually cause
a large loss of pressure rise and therefore their presence is not
overwhelmingly detrimental to performance.

While operating with light stall at the front of the com-
pressor, it may happen that the operating point is pushed still
further into stall, for instance by sudden overfueling, in which
case a larger full-span cell will develop out of the existing part-
span pattern. An example of this happening is given in Fig.
13 where five pressure transducers were used around the cir-
cumference at the front of the compressor. For the first 18
revolutions the compressor operates with three small stall celis
restricted to the front end of the compressor. Events in the
second half of the figure show how one of the three cells grows
in amplitude until the other two are swallowed up, leaving a
single full-span cell rotating at a much slower speed. Parallel
lines have been drawn in Fig. 13 showing how the two smaller
of the three original cells are squeezed out of existence as the
larger cell grows to maturity. Other measurements from farther
back in the compressor confirm that the initial cells were limited
to the first three stages and that the larger single cell, once
formed, extended right through the length of the compressor.

Surge at High Speed in the Engine Compressor

At high speeds the engine surges in a very dramatic fashion,
with a single bang and flames shooting out of the intake and
exhaust. This happens for test runs 6 and 7 in Fig. 5. A re-
peating surge cycle does not occur at this speed, because the
initial flow reversal is so vigorous that combustion is extin-
guished, i.e., “flame-out’’ occurs. Without combustion, the
engine decelerates very quickly, passing through a period of
rotating stall before coming to a standstill. In some engines,
but fortunately not this one, structural bending as a result of
the pressure loads can cause catastrophic failure.

In the past it has been suggested that this type of high-speed
surge consists of a blast wave, which starts at the back of the
compressor and sweeps through to the inlet at near sonic speed,
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Fig. 14 Engine measurements of surge inception at high speed. This
figure shows front, middle, and rear dynamic pressures at five circum-
terential positions. A rotating disturbance precedes the surge event.

the pressure difference across the shock front increasing as the
wave approaches the front of the compressor; see Mazzawy
(1980) and Cargill and Freeman (1991). In the current tests
some evidence of a blast wave has been detected, but there are
two other features of these tests that need to be considered
first.

To begin with, the physical location of the initiating dis-
turbance in the Viper engine was not where it was expected to
be, i.e., at the rear of the compressor. The first sign of flow
breakdown appears on the traces from the middle stages of
the compressor. This can be seen in Fig. 14 where three pressure
traces are plotted at each of five circumferential positions; one
trace each for the front, middle, and rear sections of the com-
pressor. It might have been thought from Fig. 3 that the rear
stages would be the first to go unstable, but this does not
appear to happen here. The first sign of instability occurs at
time 18 at position 2 at the middle of the compressor. It is
possible that the instability actually starts slightly farther back
than the plane of the measuring probes; however, it is none-
theless interesting that in this case flow breakdown does not
start at the rear of the compressor.

The second interesting thing to come out of these full-speed
measurements concerns the rotational nature of the initial dis-
turbance. Before these measurements were taken, ideas about
the origins of the surge event were speculative rather than
informed. The idea of a ‘‘blast wave’’ rushing forward from
the rear of the compressor assumed some form of initiating
disturbance, but just what form this disturbance would take
was not known. From results like those in Fig. 14 it is now
clear that the initiating disturbance is once again rotating stall.
The traces in Fig. 14 show that the disturbance is roughly 53
percent of rotor speed, similar to the stall cell speeds observed
at lower power settings.

The preceding results have also been studied to ascertain
whether the emerging stall cell is a localized disturbance or has
its origins in a modal perturbation. Modal analysis of the first
18 ms of Fig. 14 does not show any form of coherent precursive
structure. In addition, the disturbance that starts the whole
stalling sequence appears to be restricted to one sector of the
annulus only. This suggests that, even at full speed, the onset
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of instability takes the form of a localized disturbance. This
observation is not only significant in its own right, but it is
also important from the point of view of future active control
experiments. It determines the type of control strategy that
will be required and highlights the need for very fast actuator
systems.

In terms of a blast wave moving forward through the com-
pressor, it can be seen from Fig. 14 that the stall cell at the
middle of the compressor has no effect on the front of the
compressor until the emerging stall cell reaches circumferential
position 4. Starting from Time 0 and looking along the pressure
traces at circumferential position 4, it can be seen that the flow
at the front of the compressor becomes disturbed about 1 ms
later than conditions at the middle, i.e., the ‘“M”’ trace begins
to rise 1 ms before the ““F’’ trace. The dimensions of the
compressor are such that a disturbance taking this length of
time to propagate from the middle of the compressor to the
front will do so at a speed of 330 m/s. This is near enough to
sonic velocity to suggest that some sort of ‘“blast wave’’ may
be present. Evidence of this type from a single measurement
is however inconclusive, especially as it does not explain why
conditions at the front of the compressor are the first to be
affected at circumferential position 5! Further measurements
are therefore necessary to obtain a complete picture of what
actually happens in the compressor at very high speeds.

The topic of surge at high speed is also discussed in a com-
panion paper by Wilson and Freeman (1994).

Conclusions

Two compressors, one a low-speed laboratory machine op-
erating incompressibly, the other a high-speed engine com-
pressor, have been tested to examine the similarities in the stall
inception processes. In the process of making the comparisons,
interesting information about stall and surge in an aero-engine
compressor is presented here for the first time, The conclusions
to be drawn from this work are listed below:

1 This paper shows that useful information about stall and
surge can be obtained from tests on low-speed compressors.
Examples have been given where precise read-across from in-
compressible tests to the high-speed conditions is possible

2 In the mid-speed range, all the stages in the engine com-
pressor are evenly matched near the surge line and therefore
it is reasonable to expect close similarity between the engine
and laboratory tests. This has been shown to be correct for
both stall and surge where the inception patterns in the two
compressors are almost identical.

3 Previous work on laboratory compressors has identified
two distinct mechanisms of stall inception: model perturba-
tions and localized stalling. Throughout the engine tests it was
clear that a localized disturbance initiated stall and surge, with
no modal disturbances being detected at any speed.

4 At low speeds, the engine compressor is seldom free of
multicell stall in the front stages. This type of stall is similar
in character to the part-span stall sometimes seen in laboratory
compressors. If the engine is pushed further into stall when
operating in this condition, the multicell pattern coalesces to
form a single more severe cell pattern, which extends through-
out the whole compressor and forces the engine to be shut
down.

5 Toward the upper end of the speed range the engine will
surge rather than stall. Repetitive surge cycles were possible
at medium to high speeds, but at top speed surging occurred
with such violence that the flow reversal extinguished com-
bustion. The results show that the repetitive type of surge is
initiated by rotating stall in much the same way as in the
laboratory compressor. Top speed surge has also been shown
to be initiated by rotating stall, but the growth of the dis-
turbance, and the rate at which it spreads throughout the

Journai of Turbomachinery

compressor, is much faster than at lower speeds. Some, though
limited, evidence exists for a ‘‘blast wave’’ type of pressure
front moving through the compressor soon after stall inception
occurs. ’

6 It was observed that when surge was initiated at high
speed, the initial pressure perturbation did not appear at the
rear of the compressor, as might have been expected, but more
toward the middle of the compressor. This finding may be a
feature of the particular compressor tested, but it is mentioned
for reference when measurements from other compressors be-
come available.

7 Work in the laboratory has shown that the rotational
speed at which the change from stall to surge occurs is well
defined. Tests on the engine likewise show an almost abrupt
change from stall to surge as the speed of rotation is increased.

8 Taken as a whole, this study confirms that laboratory
testing of low-speed compressors is an effective and inexpensive
way of gaining insight into many aspects of the behavior of
aero-engine compressors.
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A Review of Nonsteady Flow
Models for Compressor Stability

J. P. Longley
Engineering Department,
Whittle Laboratory,
Cambridge University,
Cambridge, United Kingdom

This paper presents a review of the different approaches to modeling the nonsteady
Sluid dynamics associated with two-dimensional compressor flow fields. These models
are used to predict the time development of flow field disturbances and have been
found useful in both the study of rotating stall and the development of active control.
The opportunity to digest the earlier investigations has now made it possible to

express the modeling ideas using only a very simple mathematical treatment. Here,
the emphasis is on the underlying physical processes that the models simulate and
how the assumptions within the models affect predictions. The purpose of this work
is to produce, in a single document, a description of compressor modeling techniques,
so that prospective users can assess which model is the most suitable for their

application.

Introduction

Surge and rotating stall are important considerations both
in the design of compressors, where their occurrence represents
a performance boundary, and in the operation of aeroengines,
where they can occur prematurely due to inlet distortion. The
time development of these phenomena is determined by non-
steady fluid dynamic processes both within the blade passages
and in the flow field as a whole. Direct calculations of all
aspects of the flow are impractical, because of the many length
and time scales that are involved, and so models that represent
the effective local compressor performance are used.

Calculations using these models can only ever be as good as
the predicted performance, that is, pressure rise as a function
of mass flow, and this depends on the accuracy of the com-
ponent characteristics. These characteristics are not normally
known with great precision. Consequently, the greatest value
of these compressor models is in identifying the important
physical processes and in undertaking parametric studies using
generic performance correlations. This review is concerned
with the details of the compressor models that are in current
use, the physical mechanisms that they simulate, and the con-
straints on their application.

Conceptually, a compression system is represented by a series
of components comprising inlet duct, compressor, exit duct,
plenum, and throttle, Fig. 1. Each of these components can
be modeled in different ways depending on the fluid dynamic
phenomena of interest. For example, ‘‘surgelike’’ disturbances
are primarily axisymmetric and involve variations in the mass
flow through all the system components; to study these types
of phenomena, the plenum and throttle are necessary, along
with the dynamics of nonsteady mass storage within the plenum.
“‘Stall-like’’ disturbances, on the other hand, involve a region
of the compressor annulus that has a lower throughflow than

Contributed by the International Gas Turbine Institute and presented at the
38th International Gas Turbine and Aeroengine Congress and Exposition, Cin-
cinnati, Ohio, May 24-27, 1993, Manuscript received at ASME Headquarters
February 12, 1993. Paper No. 93-GT-17. Associate Technical Editor: H. Lukas.
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the rest and only the average mass flow and average pressure
rise interact with the plenum and throttle!; to study these phe-
nomena it is necessary to account for the circumferential var-
iation of flow within the compressor.

Stall is the primary disturbance (Day, 1993b) and so the
modeling techniques for nonsteady flow through compressors
will be discussed with reference to “‘stall-like” flow pertur-
bations. These are intrinsically nonaxisymmetric and involve
circumferential flow redistribution and static pressure fields
that decay away from the compressor. A reliable model must
simulate these effects and here, as in virtually all treatments
to date, attention is limited to flow variations that are primarily
in the axial and circumferential directions, often referred to
as two dimensional. As a result these models are useful in the
study of high hub-to-tip ratio compressors for which radially
uniform flow is a reasonable approximation. A schematic rep-
resentation of the inlet duct, compressor, and exit duct for a
two-dimensional flow field is shown in Fig. 2.

'"This fact has been used with generalized compressor performance charac-
teristics, that represent the average pressure rise and mass flow in fully developed
rotating stall, to take some account of two-dimensional phenomena in a one-
dimensional model; for example see Bloch and O’Brien (1992).

Throttle
Inlet duct Exit duct
7
Compressor Plenum
Fig. 1 Compression system components
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Fig.2 Schematic representation of a two-dimensional compressor flow
field

The compressor modeling techniques discussed in this paper
are applicable to both large and small-amplitude flow field
disturbances. However, attention is limited to the latter as this
is convenient for examining nonsteady flow field behavior. An
additional advantage of this restriction is that small-amplitude
nonaxisymmetric disturbances do not affect the average mass
flow or average pressure rise. Therefore, the compressor models
and the behavior of nonaxisymmetric disturbances may be
analyzed without explicit inclusion of the plenum and throttle.?

Although not discussed in any depth in this review, these
two-dimensional compressor models are, nevertheless, applic-
able to nonsteady axisymmetric flow and so may be used to
study surge. The compression system modeling approach for
surge was developed by Greitzer (19764, b), with a simple mass
flow pressure rise relationship for the compressor and lumped
parameter representations for the other components, the be-
havior being determined by a second-order ordinary differ-
ential equation. An important result from Greitzer’s modeling
is that an analogy of surge behavior is a spring-mass-damper,
with surge being equivalent to a system oscillation. This type
of compression system model, often referred to as a one-di-
mensional simulation, is still extensively used (see Pinsley et
al., 1991, Gysling et al., 1991, and Simon et al., 1993) and a
great deal has be learned about surge dynamics (see Moore
and Greitzer, 1986, and McCaughan, 1988).

Review Structure

In this review the underlying constraints on the models to
represent the average blade row performance over some length
and time scales of interest are examined first. It is shown that
for circumferential harmonics up to the fifth or sixth the spatial
flow redistribution should be well modeled and that the tem-
poral behavior of the lowest harmonics should be quasi-steady.
Here, quasi-steady is taken to mean that the instantaneous
blade loss and exit angle are identical to those for correspond-
ing steady flow.

The quasi-steady compressor model is then derived and is,
in essence, the one presented by Moore (1984a). The predicted
nonsteady fluid dynamic behavior of compressor flow fields
isinvestigated with, initially, two simplifying assumptions (per-
fect IGVs and high-solidity compressor exit blading) concern-
ing the compressor and flow field interaction. These
simplifications facilitate the identification of the physical
mechanisms that determine circumferential propagation and
growth or decay of flow field disturbances. It is then shown
that in the more general case, where inlet and exit swir] var-
iations are fully accounted for, the physical mechanisms are
the same though quantitative predictions may change.

*For large-amplitude stall-like disturbances the downstream components must
be included.

Journal of Turbomachinery

The later sections of this review consider possible conse-
quences when the blade rows no longer respond in a quasi-
steady manner. An enhanced compressor model is described
that uses a simple time lag approach for nonsteady blade row
response. With this enhanced model the individual circumfer-
ential modes are predicted to have distinct stability boundaries
and this has been experimentally demonstrated. Finally, ap-
proximate forms of this enhanced model that are more con-
venient for solution are described and their merits considered.

Throughout this review, the different models are compared
by using them to study the behavior of flow disturbances in
a hypothetical compressor. The validity of the assumptions
within the models is assessed in the light of available experi-
mental evidence and, to this end, information is drawn from
different research works. It is assumed that the reader is fa-
miliar with compression system instabilities (for stall and surge
see Greitzer, 1980, and for inlet flow distortion see Longley
and Greitzer, 1992).

Constraints on the Modeling Approach

The general approach to modeling compressor flow field
dynamics is to take the steady-state axisymmetric performance
characteristics of the individual components and to include
additional terms to represent the nonaxisymmetric and non-
steady flow effects. Surge, rotating stall, and inlet flow non-
uniformities are relatively large length scale and long time scale
fluid dynamic phenomena compared to blade pitch length scale
and blade passage convection time scale. Compressor models
exploit these facts by representing the effective performance
of a group of blades when averaged over the circumferential
length scale and time scale of interest. The limitations on these
spatial and temporal averages will be examined in this section.

Spatial Flow Field Resolution. An important constraint on
two-dimensional compressor models is how large the ratio of
“nonuniformity wavelength’’ to ‘‘blade pitch’’ must be for
the local blade performance in nonuniform flow to be similar
to what it would have been in uniform flow with the same
local conditions. There is little available information on this
question, although some guidance may be drawn from the
studies of back pressure distortion® through stationary blade
TOWS.

For a nonuniformity with wavelength shorter than a blade
pitch, flow redistribution can occur freely and appreciable
decay of the pressure field is expected. For a long wavelength
nonuniformity imposed on a blade row, the blades themselves
would restrict the circumferential redistribution and so there
would be reduced axial decay of the pressure field. This is
supported by O’Brien et al. (1985) who studied the interaction
between a row of stators and a downstream strut. Their results
showed little decay of the long length scale pressure field across
the stators,

From this a rough constraint can be said to be that the
circumferential length scale of the flow nonuniformity should
be long enough so that a blade and its neighbors (two pitches)
have similar flow conditions (within a quarter wavelength).
Therefore:

1/4 nonuniformity wavelength>2 blade pitches

. and hence an estimate for the minimum wavelength-to-pitch

ratio is eight., Taking 50 as a typical blade count, then circum-
ferential harmonics up to the fifth or sixth should be well
modeled.

Ham and Williams (1983) investigated this point experi-

3Most studies on convected vorticity are for nonsteady wake and blade row
interaction.
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Fig. 3 Transfer of a primarily first harmonic back-pressure distortion
through eight unloaded vanes (Ham and Williams, 1983)

mentally for a primarily* first circumferential harmonic back
pressure distortion through eight unloaded vanes in an annulus
of moderate hub-to-tip ratio. Their results, Fig. 3, indicate
that although the short length scale pressure field is attenuated
within the individual vane passages, the circumferential pres-
sure nonuniformity transfers through the blade row. This is
because each of the eight passages responds to the local pressure
and therefore adequately defines the long length scale varia-
tion. Without the vanes the pressure nonuniformity would
decay to approximately 50 percent along an axial duct.

Temporal Flow Field Resolution. There are two ways in
which nonsteady flow arises. The flow in the absolute (stator)
frame can be time varying, so both rotors and stators see
unsteadiness, or there can be a stationary spatial nonuniform-
ity, which appears as a time varying flow in the relative (rotor)
frame. The importance of the nonsteady flow effects within
the blade passages is assessed by comparing the relative sizes
of the blade passage convection time, i.e., from the leading
edge to trailing edge, with the disturbance passing time, i.e.,
the passage of the blade through one wavelength. The ratio
of these two is referred to as the reduced frequency, and the
flow behaves quasi-steadily at low reduced frequencies, i.e.,
when

convection time << disturbance passing time

Taking c, and u as the blade axial chord and the axial velocity,
respectively, the inequality may be written:

¢/ u<<2w/nfQ

where 7 is the spatial Fourier harmonic being considered and
fis the fraction of rotor angular velocity () with which the
spatial pattern moves. Thus for quasi-steady blade row per-
formance:

27
C./r M

where ¢ =u/U. Typically $=0.3 to 0.7, ¢,/r=0.15, and non-
steady phenomena of interest have 0< f< 1. Under these con-
ditions the right-hand side of Eq. (1) is approximately twelve
and so for the lowest circumferential harmonics the blades are
expected to behave quasi-steadily.

Blade Passage Fluid Inertia. Even when the blade flow field
responds quasi-steadily there is an associated nonsteady flow
effect due to the acceleration of the fluid within the blade
passage. This acceleration requires a nonsteady pressure dif-
ference across the blade row that may be estimated® by mod-
eling the blade passage as a parallel duct at the mean stagger
angle, Fig. 4, so:

nf<<

*A 90 deg distortion generator was used at approximately 1 radius downstream
so that at the vanes the pressure field would mainly consist of the first mode
only.

*Moore (1984a) states that the effective inertia could depend on viscous pro-
cesses.
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Fig.4 A parallel duct at the mean stagger angle can be used to estimate
the inertia-driven nonsteady pressure difference
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Williams (1986) calculated that typical values of A for indi-
vidual blade rows of military aeroengines are:

A=0.314(£10 percent) for low-pressure compressor
A=0.14(£ 13 percent) for high-pressure compressor

For civil engines the inertia parameters are usually within the
range 0.1-0.2 for each row in the high-pressure compressor.

Quasi-Steady Compressor Model

In this review the starting point for all the models will be
the blade row performance. Steady-state blade row perform-
ance is usually correlated as total pressure loss coefficient and
exit deviation as functions of inlet angle, Mach number, and
Reynolds number. An equivalent presentation, which is more
convenient for modeling purposes, is in terms of static pressure
rise and exit flow angle as functions of inlet angle and flow
coefficient. Reynolds number and compressibility effects are
being ignored as they are not necessary to elucidate the physical
mechanisms.

For some of the models it is possible to recombine the in-
dividual blade row pressure rises into a more compact form
where the overall compressor pressure rise is directly evaluated
in terms of, say, the local flow coefficient at inlet. Wherever
possible this will be done, as it simplifies the application of
the model.

For quasi-steady flow through a stator passage, the local
instantaneous static pressure rise may be related to that in
steady flow by inclusion of the inertia term, Eq. (2). Thus:

Pout_Pin__Pout—"Pin a¢'

0 U2 0 U2 - Arow :3-7__

(4a)

steady

where rotor speed has been used to produce the nondimensional
time 7= Ut/r. The instantaneous exit angle, oy, is the same
as in steady flow:
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(40)

Qout = Aot
steady
In general, the steady-state pressure rise and outlet flow angle
for each blade row are functions of the inlet angle and flow
coefficient. _
For a rotor row the time rate of change for the inertia term
must be evaluated in the relative frame, that is:

)
3 47 36
Hence for nonuniform and nonsteady flow through a rotor:

Pout_Pin Pout_Pin ad’ a¢
= - Arow oot
oU? P |y ar " 30 ©a)
and
e = O (5b)
steady

In order to proceed without introducing unwarranted com-
plexity, it will be assumed that there is no flow field redistri-
bution within the compressor; this is the idealized case of no
axial gaps between adjacent blade rows. Consequently, the
constraints of mass conservation and flow at low Mach number
imply that the axial velocity® at each circumferential position
is constant through the machine. The individual blade row
pressure rises may, therefore, be combined to obtain:

PZ flz Z Pout 2P| _)\Q?_M?_?_ (6)
pU all rows 'DU a9 a7

steady

where 1 and 2 refer, respectively, to the leading edge of the
first blade row and the trailing edge of the last one. The overall
inertia parameters are:

A=) Aoy and p= D Awy ¢

rotors all rows

At each circumferential location, the summation of the in-
dividual blade row pressure rises may only be replaced by the
overall static-to-static pressure rise, ¥*, evaluated at the local
inlet conditions provided that the flow angles between all the
blade rows correspond to those in steady uniform flow op-
eration. The quasi-steady assumption implies that this is true,
and so Eq. (6) may be rewritten:

P

-P 3¢ a
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_}\—_#—

a0 P ar @a)

steady

where ¢(0, 7) and o6, 7) are the local values of the flow
coefficient and inlet swirl angle at the compressor. Similarly,
the compressor exit flow angle, o, may be written:

(85)

ay= (P, o)

steady

The dependence on both ¢ and o, have been explicitly included
to emphasize that no assumptions have been made concerning
the swirl sensitivity of the compressor.

It is convenient, as was done by Hynes and Greitzer (1987)
and was implicit in Moore (1984a), to express the compressor

performance in terms of the total-to-static pressure rise. This -

is achieved by subtracting off an inlet dynamic head from both
sides of Eq. (8a) to give:

PZ'"Ptl

a il
By, ) ¢, %

—\— -

36 " or @)

steady

SAssuming constant height compressor annutus.
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where the total-to-static pressure rise is ¥ = ¢ — ¢%/(2 cos? o).
The exit flow angle is, of course, still determined by Eq. (8b).

Simplified Behavior of Flow Field Disturbances

The quasi-steady compressor model can be used to examine
the predicted behavior of nonaxisymmetric flow field disturb-
ances within compressors. In this section it will be shown that
as a consequence of the nonsteady fluid dynamics of com-
pressor flow fields any. nonaxisymmetric disturbance will be
circumferentially propagated and that its amplitude may grow
or decay.

The physical mechanisms that determine the circumferential
propagation and growth or decay of ‘‘stall-like’’ phenomena
will be examined and, to minimize the mathematical com-
plexity, two simplifying assumptions concerning compressor
performance will be utilized. The first one is that the com-
pressor pressure rise does not depend upon the inlet swirl angle,
eliminating a, from Egs. (84, b, ¢). This represents the idealized
case of a compressor operating with perfect IGVs, ones where
the flow is isentropic and the IGV exit angle is constant. The
second assumption is that the compressor exit flow angle, oy,
stays constant, and would be the idealized case of high-solidity
exit blading.” Equations (86, ¢} become:

P,— Pt V5(6) iJo) d¢

T AEu st (%)

a6 ar

steady
(9b)

For the purposes of the present discussions it is sufficiently
general to consider small amplitude flow field disturbances
and so the equation may be linearized about a uniform axi-
symmetric flow to obtain:

oP, 8Pty dy”

o2 oU do ¢
where 8( ) denotes the perturbed quantity. Any flow field
disturbance can be expressed by a Fourier decomposition and,
because of linearity, the harmonics may be considered indi-
vidually. Thus the flow coefficient perturbation at the com-
pressor may be taken as:

8¢ = REAL(q &™+%7) an

with similar expressions for other perturbed quantities. For
n#0 this represents an »n-lobed harmonic wave-form that, de-
pending on the associated value of w, moves around the annulus
at fraction f= — w/n of rotor speed and therefore resembles a
stall-like disturbance. (Although not of interest here, surgelike
disturbances correspond to n =0 and to study these the plenum
and throttle are required.)

To solve Eq. (10), to find the value of w required in Eq.
(11), it is necessary to relate the changes in flow, 6¢, to those
in exit pressure 6P, and inlet total pressure 6Pf,. For the case
of constant height annular inlet and exit ducts the linearized
equations of motion can be solved analytically; see Appendix
A. In the inlet duct only potential flow perturbations can be
created by the compressor and these decay upstream. Solving
the nonsteady form of the Bernoulli equation for axial flow
in the inlet duct (o; =0) gives that at the leading edge of the
first blade row (Eq. (A5)):

5Pt 1 9
oU? ™ “inl a7 (6¢)

with 6Pt, and 6¢ each varying with time and circumferential
position.
In the exit duct the only allowed disturbances are a decaying

ap = const

ad ad
=N —p (69)—p o (69) (10)

(12)

"No assumption, other than quasi-steady and no internal flow field redistri-
bution, has been made concerning the blade rows within the compressor.
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Fig. 5 Static argument showing why negative slopes are stable while
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Fig.6 Rotors and stators pass in opposite directions through a moving
flow nonuniformity. The requirement to match these pressure difter-
ences determines the propagation rate.

potential field and vorticity associated with the variation in
compressor loading around the annulus. For fixed compressor
exit flow angle (6o, = 0, the high-solidity assumption), Eq. (A9)
gives:

13)

Essentially Eqs. (12) and (13) represent the impedances of the
inlet and exit flow fields (in this case it has been assumed that
the ducts are long enough for the nonaxisymmetric pressure
field to decay completely). Combining the above gives the
differential equation that determines the time development of
the small-amplitude nonaxisymmetric perturbation:

“2— i a _l//’s
| () 3o oo 0

dé
Growth or Decay. The differential operator on the left-
hand side of the equation above represents the time rate of
change in a frame of reference rotating around the annulus at
fraction N/(2/1nl| + u) of rotor speed. In this reference frame
the equation becomes:
2 9 a®
<In| +“> 5 00="g 0
Solutions to the equation above are exponential growth or
decay of a nonaxisymmetric disturbance depending upon the
sign of dy*/d¢. The predicted stability boundary for rotating
stall is therefore at the peak of the total-to-static pressure rise
characteristic, a condition first presented by Dunham (1965)
through considerations of distortion transfer.
The zero slope stability boundary may be explained by a
static style argument based on changes in the local mass flow

(14)

(15)
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and pressure rise, Fig. 5. On the negatively sloped pressure
rise mass flow characteristic a local increase in mass flow causes
a decrease in pressure rise. This causes the flow to decelerate,
and the disturbance decays. On a positively sloped character-
istic the opposite is true, and so any circumferential disturbance
is amplified. Although appealing, this argument does not con-
sider the impact of flow field dynamics, nor does it explain
why it is the total-to-static characteristic that is important; this
will be returned to later.

Experimental evidence to support the zero slope stability
boundary is limited because of difficulties in estimating the
slope of the characteristic. However, in experimental investi-
gations where unstalled operation beyond the usual stability
boundary was possible® (Longley and Hynes, 1990; Day, 1993b:
Paduano et al., 1993; Haynes et al., 1993) the natural stability
boundary was very close to the zero slope condition.

Circumferential Propagation. The derivation of the quasi-
steady compressor model has assumed only that the flow dis-
turbance has a long circumferential length scale. As a conse-
quence of the fluid dynamics any nonaxisymmetric disturbance
that is of potential form in the upstream flow field will be
circumferentially propagated at a rate that depends primarily
on A and g, the inertia parameters, and does not involve the
slope of the characteristic.

The physical processes that determine circumferential prop-
agation may thus be examined by considering the case where
the slope of the total-to-static characteristic is zero. For this
condition Eq. (14) may be rewritten as:

2 9 K
e R R

The left-hand side contains the inertia in the stationary com-
ponents: inlet and exit flow fields (2/1nl) and the stationary
blades (u— A). The right-hand side contains the inertia in the
rotors (\) and the time rate of change in their frame of ref-
erence. Thus the propagation rate is set by the constraint that
the inertia-induced pressure perturbations in the absolute and
relative frames must balance; this was first suggested by
Cumpsty and Greitzer (1982).

When viewed in the frame of reference of the flow non-
uniformity, the rotors and stators pass in opposite directions,
Fig. 6. As drawn, the flow in the rotor passages experiences
a deceleration associated with the velocity nonun