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This paper looks at some familiar results, concepts, and ideas in a different way, drawing
out some common unifying threads. The topics addressed are one-, two-, and three-
dimensions; axisymmetry and its breakdown; gaps and leakage paths; and computation

fluid dynamics (CFD) and the limitation of perfection. Certain overlapping issues come
up in each of the ropic areas. [DOI: 10.1115/1.4001222]

Preface

This paper is based on an invited lecture for a session organized
to honor of Dr. Leroy Smith during the 2009 ASME Gas Turbine
Technical Congress and Exposition in Orlando Florida. I had felt
privileged to be able to contribute in this way and because I had
learned so much over my career from Dr. Smith, I chose to devote
the lecture to some of the lessons I had learned. The lessons are
not restricted to things learned from him, but from others as well.
The content then is not wholly new, but what is original is the way
material is drawn together.

1 Introduction

The topics of the various sections will overlap somewhat, but
the groupings are as follows:

¢ One, two, and three-dimensions

* Axisymmetry and its breakdown

* Gaps and leakage paths

* Computational fluid dynamics (CFD) and the limitation of
perfection

The vehicle for discussing these topics will generally be a com-
pressor or aircraft engine fan.

2 One-, Two-, and Three-Dimensions

2.1 Two-Dimensions. When one is introduced to turboma-
chinery as a student it is presented in two-dimensions and the
early pioneers, such as Parsons or Stodola, presented two-
dimensional drawings in what one would now call the blade-to-
blade surface. Later it was realized that radial effects were impor-
tant and another two-dimensional surface was introduced, the
meridional plane, see Fig. 1. This approach of two perpendicular
surfaces was known to be merely an approximation and the work
of Wu [1] set out to remedy this, but at an unacceptable level of
complexity.

The two-dimensional blade-to-blade surface remains an indis-
pensiable part of the thinking of people working in turbomachin-
ery. Through the velocity triangles it is the basis for estimating the
work input or output and thence the pressure rise or fall of the
blade row and stage. It lends itself to setting limits on the turning
and pressure change capacity of the stage, with the diffusion fac-
tor being common for compressors and Zweifel coefficients being
used for turbines. These continue to be useful and widely used,
working well over much of the span of many blades. Although
inviscid in concept, the viscous effects are usually added with
correlations for loss and for flow angle deviation, though some-
times boundary layer calculations are carried out too.
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The two-dimensional meridional plane also remains a key tool
in the design and analysis of turbomachines. It is a way of linking
the behavior of blades at different spanwise positions, allowing
for both the variation in the flow with span including the variation
in the blade inlet and outlet flow directions. The calculations are
usually referred to as throughflow calculations and the methods
have many refinements; they have become key vehicles for re-
cording and then for implementing empirical and semiempirical
experience of turbomachine aerodynamics. In many design and
analysis systems they are the way that the blade rows and the
annulus are considered together, with the spanwise variation in-
corporated and the shape and curvature of the annulus included.
The approach to solving them, usually called streamline curvature,
also sometimes gives its name to the meridional throughflow cal-
culation. The treatment is essentially inviscid and, as Adkins and
Smith [2] pointed out, this leads to serious errors near the end-
walls (where losses are high) in multistage machines. They real-
ized that a process of radial redistribution of loss (entropy) and
momentum must take place, and they modeled this radial mixing
based on secondary flow in the passages, giving rise to determin-
istic stresses. Gallimore and Cumpsty [3] recognized the need for
radial transport, but, based on experiment, asserted that it was
largely turbulent. Wisler et al. [4] used very detailed experiments
in the GE low-speed four-stage compressor to show that both'
effects were present.

Problems with the blade-to-blade treatment arise when there are
marked variations in conditions along the span, more specifically
when the rate of change in flow properties in the spanwise direc-
tion is comparable with or greater than the rate of change in the
chordwise direction. Rapid change in the spanwise direction nor-
mally occurs near the endwalls. Whereas a compressor blade will
normally be designed with an incidence not far from zero, close to
the endwall the incidence rises and can greatly exceed values at
which rwo-dimensional blades stall, as in a two-dimensional cas-
cade. One of the first attempts to consider blade flows close to
endwalls was by Wisler [5] in his notes on compressors. He de-
scribed ways to modify the blades to allow for the endwall bound-
ary layers, but this was a long time ago and the thinking was still
two-dimensional in character. Wadia and Beacher [6] recognized
that the endwall regions did not stall in the manner of a two-
dimensional aerofoil, and sought to explain the behavior in terms
of radial velocities relieving the flow. This was nearer the truth,
but was not sufficiently three-dimensional, since it did not recog-
nize that the flow sets itself up differently in three-dimensions and
does not need relieving, a point addressed in the journal discus-
sion to Wadia and Beacher [6].

The behavior of the blades near the endwall is not like a two-
dimensional stall because the flows in 2D and 3D are quite differ-
ent. In particular the pressure field near the endwall is established
by the bulk of the flow, not just the flow experiencing high inci-

'Radial mixing is given some emphasis here because it was an exceptional period
of intellectual competition carried out with great openness and courtesy. Those in-
volved recall it as a stimulating and enjoyable episode a quarter century later.
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dence near the endwall; as a result the pressure distribution is
not normally enough to cause a major separation of the two-
dimensional kind.

2.2 Three-Dimensions. Although in the endwall region there
is not a two-dimensional stall of a blade, some separation in the
endwall-blade corner seems inescapable, even for the best de-
signed and lightest loaded blades. To predict this, the flow must be
studied in three-dimensions. Figure 2, taken from Gbadebo et al.
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[7] shows the surface flow patterns on the surface of a cascade,
both from flow visualization and from CFD. Perhaps most surpris-
ing is the good predictions of CFD, given that the turbulence
modeling was simple and a wall function was used. This is expli-
cable because in the limit, as the wall is approached, the flow is
laminar and the pattern is a result of the balance between laminar
viscous stress and pressure stress, both of which are well pre-
dicted by CFD. It is very clear that although there is some sepa-
ration, it is not the stall expected of a two-dimensional flow. This
blade row was operating well and efficiently, with loading well
within the normal constraints of the diffusion factor and de Haller
number, and the integrated loss was in line with expectations for a
good cascade.

A further observation can be made of the flow in Fig. 2: it is
very complicated. There are three sorts of singularity in the sur-
face flow (nodes, saddle points, and foci), whereas in 2D there is
just one type, flow attachment and separation. In 2D separation
can be understood in terms of an adverse pressure gradient pro-
ducing a greater deceleration of the slower flow close to the wall,
but in 3D there is no comparably simple explanation. In 2D sepa-
ration is frequently a serious disturbance to the flow, often given
the name of stall. In 3D separation is generally unavoidable, as in
the corner where a blade meets the endwall, but does not represent
a catastrophic breakdown or stall.

As shown in Fig. 2, it is possible to predict three-dimensional
behavior even close to the wall with 3D CFD, but simple notions
of cause and effect, such as those used effectively in 2D, are
largely missing. It is essentially impossible to claim to understand
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Fig. 2 Surface flow visualization (upper two pictures), and CFD (lower two pictures) for a compressor blade (left) and stationary

endwall (right) at zero incidence [7]
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3D flow in the way that one can in 2D. An example to support this
assertion is the removal of the large corner separation by the pres-
ence of a small clearance gap [8]. Another example is the alter-
ation of the corner separation by the presence of roughness on the
blade [9]. The three-dimensional separations play an important
part in determining the deleterious consequences of leakage
through gaps in the endwall into the flow path, discussed below.
Small amounts of leakage can have an effect apparently out of all
proportion to the quantity of flow because they interact with the
the 3D separations’.

Although the flow complexity is most striking for the surface
flow pattern, even pressure distributions in 3D are not easily en-
visaged. For example, in 2D the consequence for the pressure field
of the increasing blade camber is generally understood. In three-
dimensions, the effect of a camber change over a small part of the
span could not be anticipated with confidence, except by a three-
dimensional calculation. Modern calculation methods do more
than give the pressure distribution, but indicate where the losses
were produced and where they were concentrated.

Not long ago the computation of the three-dimensional steady
flow in a one blade row, including viscous effects, would have
been challenging, but now full three-dimensional calculations of
multistage machines are possible, often including unsteadiness. So
the problem has shifted—almost anything can be calculated, given
the commitment of computer resources, but understanding of the
three-dimensional behavior remains a challenge. First, the two-
dimensional “rules” for pressure gradient and separation do not
apply in three-dimensions. Second, related to this, the three-
dimensional flows seem too complicated and diverse for simple
causal 3D rules. Acquiring an appropriate understanding in 3D is
what aerodynamicists need to strive for with the new tools at their
disposal.

There is a related problem: how to turn knowledge about 3D
flow into useful guidelines for assessing aerodynamic behavior.
This was addressed by Lei et al. [10], who found a parameter
capable of post-dicting the change from a relatively benign 3D
corner separation, present under all circumstances, to higher-loss,
higher-blockage conditions, which are appropriate to describe as
corner stall.

2.3 One-Dimension. At first sight it is paradoxical to con-
sider one-dimension after two and three but there are reasons for
this, most notably that it tends to get forgotten. Two- and three-
dimensional flows in turbomachines are now, in some senses, sat-
isfactorily predictable and serious performance shortfalls are not
very likely to arise nowadays from two- or three-dimensional ef-
fects. The same is not true of one-dimensional effects. If a com-
pressor or multistage turbine is to have a really substantial short-
fall in performance it is likely to be the result of the errors in
one-dimensional matching. Because of the growth in blockage in
compressors, and the dependence of blockage on the pressure rise,
the multistage compressor is the most common component to suf-
fer from this.

The problem of matching a high-speed compressor was ad-
dressed in a paper by Adamczyk et al. [11] for a high-speed two-
stage compressors. The performance of the compressor was below
expectation because of errors in the matching of the stages.

To understand the one-dimensional flow the appropriate vari-
able to use ﬁe corrected mass flow or a nondimensional equiva-
lent r?z:rh\«’cpTo/APo, where m is the mass flow rate, the pressure
and temperature are the stagnation values, and A is the flow ef-
fective area (the area after allowing for blockage by the boundary
layers). For turbomachines the variation in stagnation temperature
T, is commonly much less important that the variation in stagna-
tion pressure P and an adequate understanding can be found by
considering only pressure. The term 7 is a function of the axial
Mach number of the flow and the upper limit on m corresponds to
the flow choking.

Consider a multistage compressor with N stages. The outlet
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Fig. 3 Idealized stage characteristics for a three-stage, high-
speed compressor

flow from stage n is the inlet flow to stage n+1. In selecting the
annulus height and the blade angles for stage n+1, the pressure
and temperature rises in stages 1, though N will have been con-
sidered to arrive at the intended corrected mass flow into stage
n+ 1. If, for example, the flow from stage n has a blockage greater
than the value assumed in the design, then the pressure rise it
produces will be lower than the design and the corrected mass
flow into stage n+1 will be higher than the design. As a result
stage n+1 will produce a lower pressure rise than intended in the
design, and, in extreme cases, may choke. Likewise, if the pres-
sure rise in the stages up to stage n exit is higher than the design,
then the corrected mass flow into stage n+1 will be lower than the
design and the stage may stall. For machines operating at com-
paratively low speeds (so that the flow into each stage is subsonic)
there is usually a considerable range in 7 between choke and stall
of each stage, but as the speed of the machine is increased the
range narrows.

Figure 3 shows a highly idealized cartoon of the pressure ratio
and the efficiency plotted against the corrected mass flow for a
high-speed three-stage machine. In the design intent each stage
has the same nondimensional performance when plotted against
corrected mass flow into that stage. For this type of high-speed
stage, maximum efficiency occurs just about at the “corner”” where
each speed line turns over at the top. The well matched machine
needs to get all the stages close to the corner so that efficiency for
each stage is near this maximum, points d in Fig. 3. For the third
stage the operating point is determined by the outlet throttle, or
other component downstream, and a point at lower pressure ratio
but the same inlet corrected flow to the stage is shown as point e;
point e can, in other words, move as a result of the throttle along
the vertical speedline. The outlet throttle has no effect on the first
and second stages, and if these stages are not operating correctly
they cannot be corrected by opening or closing the downstream
throttle.

Suppose that stage 2 produces a higher pressure ratio than the
design intent, but the same inlet corrected mass flow at choke, the
dot-dash chain line in Fig. 3. The higher pressure ratio leads to a
reduced corrected mass flow at the exit from stage 2, and hence,
the operating point for stage 3 moves to point b. In this idealized
case the efficiency of stage 1 and 2 is not compromised, but the
efficiency of stage 3 falls, even though the error is not in that stage
but in stage 2; again note that the downstream throttle does not
allow this to be corrected.

Suppose now that the peak pressure ratio for the stage is below
the design intent, the dotted line in Fig. 3. The corrected mass
flow out of stage 2 cannot exceed the choking inlet value for stage
3, and, since the pressure out of stage 2 is below the design intent,
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the mass flow through stage 2 must be reduced to point a. Since
stage 2 is accepting less mass flow than the design intent, stage 1
also has a reduced mass flow. As a result the efficiency of stages 1
and 2 is reduced.

These idealized errors in performance relative to the design
intent have been posed only for the pressure ratio in one stage,
stage 2, but similar arguments can be used for the pressure ratio,
efficiency, and mass flow capacity of all stages. Although not
considered here, a drop in efficiency has the effect of raising the
temperature out of the stage, which increases corrected mass flow
into the next stage downstream.

There was a fashion not long ago to propose, or even to design,
commercial engines with a small numbers of highly loaded com-
pressor stages in the expectation of taking out cost (actually, it is
not obvious that cost would be removed since each of the stages,
notably the disks, would be more expensive). There are a number
of reasons why these machines gave trouble, but at least one is the
difficulty of matching the stages. One way of looking at this is to
think of the effect on the variation in effective area A resulting
from the leakage flow and tip clearance variation; errors in A
translate into errors in /71, which then cause alterations of the stage
pressure ratio and hence into mismatching of the whole machine.
With considerable difficulty, matching is achieved for high-
performance multistage military fans (say three stages and an
overall pressure ratio of 5), but the problems increase as the num-
ber of stages and the overall pressure ratio increase (most core
compressors for two-spool commercial engines would have pres-
sure ratios in excess of 15). Even if the matching could be
achieved in a new compressor on a test bed, the consequences of
in-service damage, such as increased tip clearance, are likely to
undo the stage matching. As noted above, the most effective way
of reducing the efficiency of a compressor by a large amount is to
get the stage matching wrong.

The one-dimensional consideration is based on corrected mass
flow. As noted above, this includes the effective flow area A. The
effective flow area is reduced as the flow blockage is increased, so
the three-dimensional effects, such as corner separation, have an a
marked influence on performance through this.

3 Axisymmetry and Its Breakdown

Just as one’s thinking is determined by the two-dimensional
way one learns about turbomachines, experience conditions one to
think of the flow as axisymmetric. (The term axisymmetric is
taken here to ignore the circumferential variation across the blade
pitches). In many cases, assuming axisymmetry is perfectly ad-
equate and it provides a very good working basis for most de-
signs. Below are some examples where axisymmetry is not valid.

3.1 Geometric Asymmetry. Sometimes the annulus into
which the engine or machine is placed is inherently nonaxisym-
metric and this is true of the fan on the front of most civil engines.
First, the intake is drooped and may not be circumferentially uni-
form. Second the bypass duct has to accommodate one or more
pylons, and these create a circumferentially nonuniform pressure
field: being a first order nonuniformity (i.e., one per circumfer-
ence), its effect is felt well upstream so as to affect the fan rotor.
Although such nonaxisymmetry is a complication, it is now
readily accommodated by three-dimensional CFD encompassing
the full annulus.

3.2 Rotating Stall. Of greater familiarity is the way in which
compressor flows break down to form the rotating stall. Only
rarely do compressors stall in a way that is axisymmetric (a sort of
ring stall), and most commonly the flow divides circumferentially
into regions of low flow (the stall cells) and unstalled regions in
which the flow rate is substantially larger than that at which the
stall is initiated. To balance the pressure rise from front to back
the pattern of stall cells has to rotate making the flow unsteady in
the blade passages. This has been an active area of research,
which is unnecessary to go over here—the key point here is the
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Fig. 4 Blade tip stagger for random variation in stagger with-
out gas loads: (a) for flow unstarted, (b) for an intermediate
condition, and (c) for flow started. Note different scale for (b)
[13]

preference of the flow to adopt a nonaxisymmetric pattern. More
precisely, at low flow rates the axisymmetric flow is unstable but
a nonaxisymmetric flow can be highly stable.

3.3 Supersonic Rotors. In high-speed compressor stages,
those with supersonic relative flow into the rotor, the supersonic
blade ideally operates in two ways, corresponding to the different
lines in the schematic idealization in Fig. 3. When choked at the
maximum corrected mass flow into the stage, the blades are re-
ferred to as started and the leading edge shock is attached to the
leading edge of the blade. When the corrected mass flow is below
the choked value the bow shock stands forward of the leading
edge and the flow is referred to as unstarted. The pressure rise and
efficiency are predicted to be at their peaks when the flow is on
the point of changing from started to unstarted, the “corners”
shown in Fig. 3. This location of peak efficiency can be predicted
with CFD and was found analytically in 2D by Freeman and
Cumpsty [12].

Analysis and CFD normally considers a single blade passage or
imposes periodic boundary conditions, so axisymmetry is auto-
matically imposed in the specification of the problem. Although
the predicted peak efficiency occurs where the speedline turns and
the shock is about to detach from the leading edge of the blades,
surprisingly the flow does not seem to operate in this way.

Wilson et al. [13] reported CFD carefully studied at a full set of
rotor blades, using a well-established program called AU3D (a
cell-vertex, finite-volume unsteady Navier-Stokes method). Be-
cause the program is aimed at aeroelastic behavior, the CFD also
predicted the force on each blade in the row, the steady aerody-
namic deflection of the blades, and the flutter (vibration) stability
conditions. The blade geometry was therefore specified after al-
lowing their deformation by centrifugal loads but the additional
and consequent aerodynamic deflection was calculated by the pro-
gram. The variation in aerodynamic deflection gives a measure of
the variation in aerodynamic performance in terms of force on
each blade. Calculations were carried out first with identical
blades, when the predicted flow was axisymmetric, but then cal-
culations were performed including small imposed variations in
tip stagger, typically in a range of up to 0.2 deg; the stagger
variation is random but constant for all cases considered.

Figure 4 shows the blade stagger variation for two cases. The
first, shown in red, is when the only deformation of the blades is
from subjected is the centrifugal loads (the centrifugal load being
taken as identical for each blade the variation in stagger is that
imposed). The second case, shown in black, is when the blades are
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also subjected to the aerodynamic loading and the stagger of each
blade is altered by differences in blade pressure distribution.
When the blade row is “unstarted” (case a), which, it will be
recalled, is at a corrected mass below design (peak efficiency), the
deflection of each blade corresponds closely with the imposed
centrifugal-only variation. Likewise, when the blade row is
“started” (case c), which is for a mass flow higher than the peak
efficiency, the deflection again closely follows the imposed varia-
tion in blade stagger. However, for the intermediate case, corre-
sponding to the “corner,” the variation in blade deflections is sub-
stantially greater (note larger scale in Fig. 4(c)), and the variation
no longer follows the pattern that was imposed. This intermediate
case, when the shocks just move ahead of the rotor leading edge,
is where the efficiency is predicted to be highest.

The inference from this is that the flow does not actually settle
at the intermediate condition where the shocks in all the passages
are about to be expelled, which is the intermediate condition
which gives the highest efficiency. Instead, it settles to a pattern
that it finds more stable, which is nonaxisymmetric with some
blades started and others unstarted.

Wilson et al. [13] predicted the efficiencies in two different
ways. When the blades are identical at the nominal stagger, the
efficiency can be found from a single-passage calculations, Fig. 5.
This figure also shows results when the full assembly is calculated
with the random variation in stagger no bigger than 0.2 deg. As
Fig. 5 shows, the two calculations for efficiency agree well when
the row is either fully started or fully unstarted. For the interme-
diate case, however, the non-axi-symmetric rotor has a lower ef-
ficiency because the flow with blades of variable stagger is able to
split between some being started and some being unstarted. (It
should be noted that in Fig. 5 the scale of the abscissa is very
large, so the variation in mass flow is quite small).

Rotating stall and supersonic blades are just two examples
where nonaxisymmetric behavior is the norm for compression
systems. It is probable that many annular diffusers also operate
this way, but begs the question, “Do turbines always operate axi-
symmetric?” Perhaps turbine blades which require very special
circumstances, for example, precise deceleration on the uncovered
rear portion of the blades, may find it more stable to adopt a
nonuniform pattern.

4 Gaps and Leakage Paths

One obviously cannot get rid of all the gaps in the annulus
walls of a real engine. There have to be axial gaps between the
rotors and stators, and some of these gaps will vary as the tem-
perature and loads change. Normally the gaps will have been
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Fig. 6 CFD and measurement of pressure ratio for NASA Ro-
tor 37. The numbers provide a key to the authors of the differ-
ent codes used [15]

made as small as possible and any net flow into the well under the
gap is reduced to a minimum—at this point about all that can be
done is that the gap can be moved axially to where it does least
harm.

In 1990s, at the instigation of Denton [14], the ASME/IGTI
organized a blind CFD test case of NASA Rotor 37. The monu-
mental task this entailed was handled by Strazisar and others in
NASA Glenn Research Center. A comparison summary of the
measurement and calculation is shown in Fig. 6. Because this was
a well tested NASA rotor there was considerable confidence in the
measurements and in the geometry—things like rotor untwist
were well understood. The remarkable thing about the comparison
in Fig. 6 is the similarity between many CFD results, with pres-
sure ratio rising toward the hub, and considerable difference be-
tween almost all the CFD and the measurements, with the latter
having a dip toward the hub.

Because most CFD pointed to the same trend, the team at
NASA Glenn explored effects of turbulence modeling in the CFD,
since this is a recognized weakness, but were unable to reproduce
differences of the size shown with plausible turbulence models.
As a result they went back to the rig and concluded that they
should check the effect of the clearance ahead of the rotor, which
was 0.75 mm or 1.8% of the rotor root axial chord. This investi-
gation [16] was both experimental and computational. The experi-
ments varied the amount of net leakage through the gap and also
the effect of a gap over an enclosed volume with no net leakage.
The experimental results with different levels of clearance and net
leakage are shown in Fig. 7. The CFD was able to vary the input
in a somewhat more controlled way and was able to explore the
impact on calculation of leakage.

100.0;

80.0

o 60.0|$ Reduced gap
4 O Nominal gap
2 A 0.25% leakage A
* 4001 033% leakage 4
200 & Experimental data confirms
: 2 “=| sensitivity to hub leakage
= - [
182 186 190 194 198 2.02

Total Pressure Ratio

Fig. 7 Variation in rotor hub leakage and its effect on stagna-
tion pressure ratio across the rotor [16]. Reduced gap and
nominal gap refer to zero net flow from the gap; other cases are
for net outflow.
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Fig. 8 Computed flow in NASA Rotor 35 showing leakage flow
entering hub separation region [16]

The effect of a gap with no net leakage is evidence that flow
goes into the slot where the outside static pressure is high, and
emerges where the outside static pressure is low. This emerging
flow became involved with the complex three-dimensional flow
separation near the suction surface of the blade close to the hub
wall, as shown in Fig. 8. This, of course, is a wholly three-
dimensional effect, which would not be anticipated by any two-
dimensional consideration—indeed the thinking about the leakage
and three-dimensional behavior was altered by this experience.
The sensitivity of the 3D separated region to the ingress of flow
from the leakage far exceeded what most people had imagined.

This combined CFD exercise and experimental study together
form one of the most important lessons in turbomachinery. It was
one of the first examples where the experiments were found to be
in error’ because of the predictions of CFD, but it also showed
incontrovertible evidence of the deleterious nature of gaps in the
endwalls. Since the time of this work computers have become
bigger and cheaper and CFD has become better as well, so calcu-
lating the flow to include the primary flow and the out-of-flow-
path regions (i.e., the flow in gaps and slots) together is possible.
Probably the primary limitation now on predicting the effect of
gaps and seal leakage flow is knowing the details of geometry in
hot running engines.

5 CFD and the Limitation of Perfection

This is written by someone who is an appreciator of CFD rather
than an expert and who, during his career, has seen it progress
from two-dimensional inviscid calculations around blades through
Euler calculations in 3D to unsteady Navier—Stokes solutions in
three-dimensions for multistage machines. At each stage it was a
wonder and one strove to make the most of the results. Quite
often, if there was an experiment for comparison, the agreement
would not be very good and the CFD was then always suspected.
As discussed in Sec. 4, this faith in the experiment but suspicion
of CFD may sometimes have been misplaced. Particularly, if sev-
eral different CFD codes predict trouble it is probable that some-
thing is not right.

In the limit one can carry out a thought experiment in which
perfect CFD is employed. The grid is refined to the point where no
alteration takes place with further refinement. The turbulence is

2Describing the experiments as in error is deliberately provocative. However, the
interpretation of the experimental results and the assessment of what geometric fea-
tures of the rig were important were certainly in error. Arguably so too was the CFD
modeling, since no one bothered, or was able, to include the clearance gap in their
calculations.
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modeled in a manner that fully accounts for all effects, so errors
due to this are negligible. The switch from the stationary frame of
reference for stators to the moving frame of reference for rotors is
carried out accurately and without the erroneous introduction of
mass, enthalpy, or entropy. The upstream and downstream bound-
ary conditions perfectly match the experimental setup. The run-
ning geometry is known and correctly input. What one has is a
perfect analog for the experimental setup. This may not be alto-
gether a good thing.

In the case of a newly designed multistage compressor there is
a considerable risk that some aspect will not be right—very likely
this is the matching between some of the stages. As already noted,
getting the matching right (the desired nondimensional mass flow
rate) at each stage is difficult and is often at first in error. How will
the perfect CFD respond to this? Probably by failing to converge
or else converging to some different flow pattern from the one
intended. If there were serious mismatching, one or more stages
might be in the rotating stall and the perfect CFD would predict
this. Unfortunately, knowing correctly from high-resolution CFD
that the compressor as designed would be stalled may give very
little help in sorting out the underlying problem.

If 3D CFD is to be used in the early stages of design, then CFD
of quite low resolution and fidelity is appropriate; what is needed
is a converged solution of sufficient accuracy to show where the
problem lies. In the case of the compressor design, which high-
fidelity CFD predicts to be stalled, the designer wants to know
what blade rows or stages would be in trouble if the compressor
were somehow able to operate unstalled. In the hands of an expert
user the robust but less accurate calculations can lead to correc-
tions in geometry and then rapidly to refined and precise calcula-
tions. (It is also true that some highly effective design systems still
rely on a good two-dimensional throughflow method, incorporat-
ing a body of empirical knowledge). Such a 3D CFD design
method would have a relatively coarse mesh and would be quick;
its robustness would come from using a high level of turbulent
stress. Only when the robust CFD has allowed the machine to
be matched adequately can the more refined CFD be used to es-
timate efficiency and to carry out more subtle optimization of the
geometry. It appears to be a general rule, borne out by 3D CFD,
that one needs not one tool but several, each having different
strengths.

6 Conclusions

1. CFD has transformed the way that turbomachinery aerody-
namic design, development, and analysis are carried out. It
has even led to an alteration in the way one thinks about the
aerodynamics because one can now look at three-
dimensional effects or unsteady behavior in a way that
would have been impossible only a few years ago. What is
most beneficial is that there is no longer a need to be trapped
by two-dimensional steady thinking about flows that are in-
herently three-dimensional and unsteady.

2. Flow in 3D is very different from 2D. We have almost no
understanding of the 3D flow, and intuition gives little guid-
ance. In 3D regions of flow separation are normal and nec-
essary, but not necessarily very damaging in terms of loss.
CFD appears to be remarkably good at predicting the com-
plicated 3D flow patterns.

3. Having drawn attention to the possibilities for three-
dimensional and unsteady analysis, it is fair to say that the
most serious deficits in performance in high-speed machines
probably have a one-dimensional character to them. If effi-
ciency is well down on expectation, it is likely that somehow
the matching between stages, or even between blade rows,
has gone wrong.

4. Stage matching is a one-dimensional idea based on corrected
mass flow. Since corrected mass flow depends on pressure
rise and on blockage, the corrected mass flow is itself de-
pendent on the three-dimensional details. Raising the flow
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Mach number stage pressure ratio, and overall compressor
pressure ratio inevitably increases the difficulty of matching
compressor stages and maintaining the match under various
operating conditions.

5. It is possible to focus too much on the shape of the annulus
and the blades, and overlook gaps. The flow from a gap
usually occurs where the static pressure is low, and this flow
can add to the complex three-dimensional separation in the
endwall corner. The effect can be out of all proportion to the
open area of the gap, as was demonstrated so effectively by
the NASA Rotor 37 test. Serious damage can occur to flow
performance even when there is no net flow out of the gap,
but flow enters in regions of higher pressure and leaves in
regions of lower pressure.

6. Robust CFD, which can be used to calculate the flow in
machines at an early stage of design or development, is nec-
essary. This does not need to be high fidelity, nor should the
assessment of usefulness be wholly based on the accuracy of
prediction—the key purpose of the robust CFD is to identify
where there are defects so that the machine can be ad-
equately matched. When the obvious defects have been cor-
rected there is an opportunity for more refined CFD, which
would probably have failed, or predicted the stalled flow, if
used on the uncorrected early designs.

7. For a company or organization CFD is a tool and how they
verify it is only an issue for them. When results are pub-
lished based on CFD some way of assessing or calibrating
its accuracy is necessary. What is required depends on the
use made of the computations in the publication, but some
code of practice needs to evolve rather urgently.

8. Experiments are definitely still needed, but the objectives
have shifted somewhat over the years. Collecting loss, turn-
ing, and pressure rise for two-dimensional cascades, to take
an extreme example, is not often needed now, but even for
these there can be some surprises around such aspects as
transition. Since the modeling of turbulence and transition is
still weak in two-dimensional flows, and for complex three-
dimensional flows virtually nonexistent, experiments still
have a place. Because the computed results are now so much
more reliable than they used to be, the experiments will also
be required to be more precise and more closely targeted to
the specific questions to be answered.

9. With few exceptions it is no longer interesting to present a
measurement for a compressor or turbine without very clear
information on how the machine was designed and without
sufficient geometric definition that the measurements can be
used to test CFD. Nor is comparison of CFD with data nec-
essarily interesting either—what is required is CFD and ex-
periment targeted to understand some specific issue, as ex-
emplified in the untangling of the effect of leakage by
Shabbir et al. [16].
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