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ABSTRACT

This paper investigates performance prediction techniques
for compressor blades operating under highly negative incidence
angle which is typical during engine groundstarts or windmilling
relights. Although this is a very frequently occurring situation
during the life of an aero engine, turbomachinery components
are rarely tested under those conditions in the sake of resource
saving. However, performance engineers require some knowl-
edge of generic blade loss coefficients under those conditions for
the preliminary estimation of the groundstart or relight capability
of the engine which is also linked to design decisions such as the
volume of the combustion chamber.

A blade element concept is employed to break a 3D com-
pressor blade design down to a number of 2D cross sections and
study them separately using a CFD derived 2D blade loss coeffi-
cient database. Several different ways to synthesize the 3D blade
out of the 2D sections are herein presented based on different
expressions of blade aerodynamic coefficients. An investigation
based on the expressions of the aerodynamic coefficients is con-
ducted in order to justify the applicability of the blade element
theory at such off-design conditions. The most suitable parame-
ter set to represent a three dimensional blade design by a number
of radially stacked two dimensional profiles is identified.

The analysis shows that the approach based on pressure
change and tangential force coefficients can more adequately ap-
proximate the performance of the 3D blade and therefore can be
safely employed for a preliminary off-design blade performance
studies.

NOMENCLATURE
Oy Mean flow angle tana,, = 0.5(tano; + tan oty )
Cr Lift coefficient
Cp Drag coefficient
c, Pressure rise coefficient
Cr Tangential force coefficient
Cx Axial velocity
Cm Mean velocity ¢,/ cos
D Drag force
h Blade chord
L Lift force
P Total pressure
Py Static pressure
R? R-square estimator Eg::gz

SSE Sum of Squares Due to Error ¥(y; — ;)?

Copyright (© 2011 by ASME



2}

Blade spacing

X Axial force on the blade
Y Tangential force on the blade
a Flow angle relative to axial
p Density
Vi Estimator of parameter y;
y Mean value of parameter y
[0] Total pressure loss coefficient %
Subscripts
1,2 Blade inlet, outlet
X Axial
m Mean
INTRODUCTION

Sub-idle is a very crucial operating region for a gas turbine
engine as unsuccessful recovery after an eventual flame-out may
jeopardise engine, aircraft and passenger’s safety. Moreover, re-
cent trends in engine design such as the continuously decreasing
core sizes or the fact that most of the modern civil aircrafts are
powered by only two engines rather than four, make meeting the
certification requirements for the relight process as set by the
main certification bodies (FAA, EASA) an extremely challeng-
ing task. The challenge becomes even greater if it is taken into
account that the ratio of the required windmilling offtake power
upon core engine size is gradually increasing and that modern
combustor design is definitely oriented towards lower emission
configurations at expense of the relight capability.

Therefore, the engine properties defining its relight perfor-
mance, such as windmilling drag, core and by-pass airflows,
shaft rotational speeds, flame-out core engine component losses,
pull-away duration time etc., must be known prior to finalisation
of the engine cycle, size and ratings to ensure a satisfactory en-
gine response under emergency conditions but also because they
strongly affect the aircraft design in terms of the size of the ver-
tical tail, the wing, the pylon and the landing gear system [1].
In addition, windmill data is also important for the certifica-
tion of an engine for extended engine-out operation over water
which is more specifically influenced by the windmilling perfor-
mance under icing or even locked rotor conditions. Finally, the
significance of the secondary power extraction capability for ac-
cessories design or the estimated pressures and temperatures for
combustor or exhaust nozzle detailed design must be underlined.
The latter justify the need of reliability in the engine simulation
techniques used for the prediction of the above mentioned phe-
nomena, the so-called sub-idle engine models.

In general, there are two major categories of sub-idle mod-
els; complete aerothermo cycle models and component specific,
loss coefficient based models. The former can be defined as
a typical transient engine performance model with component
characteristics towards very low speed regimes. Derivation of
those characteristics can be achieved using pure mathematical
techniques such as map extrapolation, empirical equations to ac-
count for the low speed physical phenomena or combination of
the two methods. In general, they are similar to the above-idle
models, based on thermodynamic calculations and component
matching techniques and are used to predict the transient operat-
ing lines of an engine during start-up processes. Several attempts
to predict windmilling characteristics of turbojet or turbofan en-
gines have been reported within the literature [2] [3]. However,
the lack of experimental data as well as the complexity and the
low level of understanding of the phenomena occurring within
the engine at low power settings do not allow any of those ap-
proaches to offer a high level of reliability.

For this reason more research on component losses was car-
ried out and set the base for the development of mainly analyti-
cal techniques for the prediction of the major windmilling engine
characteristics such as air flow, drag and shaft rotational speeds.
Several experimental tests conducted by NACA in 50’s attempted
to address the issues of a windmilling engine [4] [5] [6] [7]. In
addition, Lefebvre commented on the relighting performance of
an engine from the combustion’s point of view [8]. Work on the
empirical interpretation of large engine data for air flow and in-
ternal drag predictions has been presented by ESDU [9], while
low speed rig tests are strongly recommended by Kurzke for the
better understanding of the sub-idle phenomena [10] [11]. Alter-
native representation of component characteristics has been sug-
gested by a number of authors [2] [10] [11] [12] [13]. According
to them the isentropic efficiency map is replaced by a specific
torque map. In this way the discontinuities of the efficiency defi-
nition at low speeds can be totally avoided. A detailed procedure
for sub-idle map generation in several different formats as well
as theoretical background on map generation is given in [14].

Undoubtedly, compressor is the component where phenom-
ena of high complexity take place. A significant amount of ef-
fort has been put on understanding the low speed compressor
aerodynamics and enhancing the physical background of the per-
formance prediction methods [15]. At very low shaft rotational
speeds the blade operation is dominated by highly negative in-
cidences mainly occurring at the stators while rotors are oper-
ating at relatively less negative incidences but still at negative
values (typical locked rotor incidence values are in the order of
-60 deg depending on the blade inlet angle design) [16]. The lat-
ter implies massive energy losses through the blade channel. The
most extreme boundary of compressor or turbine sub-idle oper-
ation is the locked-rotor condition which occurs when the ram
air has not enough momentum to cause free shaft rotation, thus
rotor blade rows are locked throughout the engine [17]. Essen-
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tially, the flow at that regime is incompressible as the inlet Mach
number is never higher than 0.3, thus incompressible flow the-
ory is applicable. In previous studies conducted on turbofan en-
gines, the off-design compressor performance models proposed
by Howell [18], Griepentrog [19] or Horlock [20] have been
used. In other cases, assumptions are made in order an approx-
imate windmill compressor characteristic to be defined, before
its use in a theoretical calculation for turbojet engines [21]. One
of the most recent studies on windmilling compression systems
conducted by Prasad et al. [22], explains in great detail the wind-
milling behaviour of a large turbofan engine based on numerical
simulations of the fan stage revealing some of the dynamics of
the recirculation region onto the blades.

The success of an engine relight and pull away process sim-
ulation relies at a great extent upon the component modelling
introduced into it. Nevertheless, a generic model for the predic-
tion of such off design compressor operation cannot be easily
found within the literature as most of the traditional, predictive
modelling is focused around the design point operation. Addi-
tionally, it can be easily realised that the massive recirculation re-
gions at low speeds cannot be described by these models. Thus,
the research on the derivation of novel windmilling models is
a vital factor which the engine performance prediction solvers
will have great benefit from as prediction of compressor char-
acteristics with greater accuracy would be feasible. Moreover,
the enhancements on the compressor loss modelling imply a bet-
ter estimation on the windmilling losses of the bypass duct of
the engine due to the presence of the OGV’s which operate at
off-design as well. As a consequence windmilling internal drag
predictions become also more accurate.

In this paper, a modelling approach for compressors operat-
ing at highly negative incidence angles is proposed. A database
of 2D blade profiles is employed for the generation of the 3D
blade out of 2D sections by stacking them radially using a blade
element approach. The database essentially consists of pressure
loss and deviation values derived by 2D numerical simulations of
a compressor cascade at different solidities and incidence angles
with always the same aerofoil profile. A comparison between the
initial 3D blade and the one derived out of the stacked 2D cross
sections is conducted in terms of overall blade loss. The compar-
ison is based on the expressions of the blade aerodynamic coef-
ficients. The objective is to verify whether a three dimensional
blade design can be sufficiently represented with a number of
radially stacked two dimensional profiles in terms of its overall
performance.

COMPRESSOR PERFORMANCE AT HIGHLY NEGA-
TIVE INCIDENCE

Fundamentally, the blade element theory suggests that each
3D blade consists of infinite 2D cross sections along its span, as-
suming that each such element operates as a 2D aerofoil without

any interaction with the rest. Thus, the 3D blade can be designed
by stacking radially a certain number of 2D blade elements of
known performance. Deep mathematical analyses based on that
concept can be found in [23] and [24] while a very enriched list
of references can be also found in [25].

The question is whether such an analysis could be valid for
typical windmilling conditions, that is extremely far off the blade
design region. For the latter to be verified, any kind of 3D com-
pressor blade design could be approximated by a number of 2D
sections also at off-design conditions. Therefore, having a num-
ber of systematic, 2D cascade data for different incidences, so-
lidities, stagger and camber angles, will allow the performance
prediction of any 3D blade design by just putting together the
2D profiles. This simplification must be done with awareness
though, as all the 3-dimensional effects caused by secondary ra-
dial flows are not taken into account.

In order to prove the applicability of the above explained
concept on compressor cascades at highly negative incidence, a
comparative study to verify whether a 3D blade performance can
be approximated by a number of radially stacked 2D sections was
undertaken. To do so, the flowfield patterns at specific spanwise
positions obtained with a 3D annular cascade CFD simulation
approach have been compared against stand alone 2D simula-
tions with exactly the same features (solidity, incidence and stag-
ger angle) as the correspondent radial position of the 3D blade.
The locations have been chosen at three radii: at 10% and 90% in
the spanwise direction, in order to minimize the wall effects, and
at mid-span position (50%). The blade performance evaluation
in each case was carried out on the basis of the lift, drag, pressure
change and tangential force coefficients knowingly that the effect
of all the radial flows that may occur in the three dimensional
channel will not be taken into account by the 2D simulations.

Numerical models

The commercial flow prediction package CFX has been used
for all the simulations described herein. As it is extremely chal-
lenging for CFD to capture separated flows, the solver was ini-
tially calibrated against in-house experimental data from a com-
pressor cascade at highly negative incidence. Details of this work
have been described in a previous paper [16]. This process al-
lowed more confident use of the numerical tool.

The flow comes axially towards the blade thus the flow in-
cidence equals to the blade inlet angle which in this case is -58
deg at mid-span varying within a range of +7% between the hub
and the tip of the blade (Fig. 1). The inlet flow angle is always
zero and constant for all the cases, in order to achieve the desired
negative incidence value of -58 deg at mid-span.

As far as the computational mesh is concerned, an O-mesh
hexaedric mesh configuration has been employed for the treat-
ment of the region around the blade. The total number of hex-
aedra elements is approximately 1.2 million cells after a grid de-
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Figure 1. Three dimensional blade spanwise incidence distribution.

pendency study. Extra care has been taken for the tuning of the
mesh parameters to ensure faster convergence, thus the 3x3x3
determinant of the elements has been kept between 0.5 and 1 and
the skewness of all elements is more than 20 deg. In addition,
a careful balance between the element aspect ratio and the near
wall y* was conducted. More specifically, the y* near the wall
has been kept below 2 with not less than ten cells into the bound-
ary layer region, wherever the aspect ratio of the cells allowed
it, whereas an automatic switch to wall functions initiated by the
solvers takes place in all cases that cell aspect ratio does not al-
low for the desired near wall y* value to be achieved. Regarding
the turbulence closure of the problem, a k-® - SST model has
been chosen after an extensive parametric analysis as explained
in [16]. Finally, a total pressure inlet coupled with a mass flow
outlet boundary condition employed for all the simulations. A
meridional view of the three dimensional domain is shown in
Fig. 2.
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Figure 2. Meridional plane of the three dimensional domain used for the
3D simulations.

The two dimensional profile models have been also devel-

oped with a similar to the 3D solver set-up in order for the above
mentioned blade element based flow comparison to be carried
out.

The simulations were conducted for inlet Mach number 0.1
in all cases. This makes both total pressure loss coefficient
and flow exit angle independent upon this parameter as the flow
is kept incompressible. Additionally, the Reynolds number is
above 2 - 107 thus the previously mentioned properties are also
independent upon it [25]. The calculation of the properties of
interest has been made at two blade chords downstream to allow
for better flow mixing. Mainly, the choice is related with the en-
tropy generation rate and the occurrence of mixing losses as we
go further downstream of the blade trailing edge. In other words,
the more space is given to the flow to expand, a higher percent-
age of its dynamic head is transformed into pressure loss, until all
the losses of the system will be developed, theoretically in infi-
nite distance downstream. In most cases the majority of the loss
needs no more than one blade chord downstream space to ap-
pear. However, at off-design cases, such the one studied herein,
more space is required until the flow is fully mixed. This hap-
pens because the recirculating areas cause a significant blockage
to the channel and thus the flow accelerates until the exit, where
the flow effective area starts gradually increasing again. This im-
plies a static pressure recovery that continues for a few chord
lengths downstream until wakes are fully mixed. This also af-
fects the total pressure loss coefficient that demonstrates strong
dependency upon the downstream position due to the big static
pressure changes as shown in Fig. 3. Therefore, it is calculated at
approximately two chords downstream where the flow is totally
mixed up and all the losses have appeared [26] [27] [28] [29].
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Figure 3. Total pressure loss coefficient as a function of the axial dis-
tance from trailing edge at design and highly negative incidence condi-
tions.
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RESULTS AND DISCUSSION

Fundamentally, blade performance is represented by non-
dimensional aerodynamic coefficients in respect to the lift and
drag forces (Cp, Cp), the tangential force (Cy) and the static pres-
sure change along the channel (C},). Those properties are defined
as:

Cp = ;plizh (1
L= ;pizh @)
C, = p—-p X @

2 — 12
7PCx 7PCx”s

The forces on which the above coefficients are based are
shown in the Fig. 4.

Figure 4. Lift (L), drag (D), static pressure change (X) and tangential
(Y) forces as exerted by a cascade blade upon the fluid at design condi-
tions [25]. At highly negative incidence conditions these forces exerted by
the fluid upon the blade.

An alternative expression of those coefficients can be de-
rived using the total pressure loss coefficient as well as the inlet

and outlet flow angles (o; and o).

CL= 2% cos Oy (tanoy —tanap) — Cp tan ayy, 5)
Cp = 6% cos’ (o (6)
Cr=2(tanoy —tan o) @)
C,=Crtant,, — ® (8)

Two different approaches are used for the calculation of the
overall blade performance; the first one relies on the calculation
of Cr and C,, coefficients based on the observed flow exit angle
and static pressure drop respectively. The total pressure loss co-
efficient is then calculated using Eq. 8. In the second approach,
the total pressure loss coefficient as calculated internally by the
CFD solver and the flow exit angle are used for the calculation
of Cp and finally C. The qualitative difference between the two
approaches is that the first one correlates the aerodynamic co-
efficients directly with the flow properties such as flow angles
and losses and not with their resulting forces on the blade as the
second one set does.

The results from the 3D and the 2D simulations are hereafter
compared using the previously described approaches. Starting
from the comparison of the outlet flow angle (¢;) which primar-
ily defines the tangential force coefficient (Cy), it can be seen that
the maximum difference between the full 3D and the 2D profile
simulations at the corresponding positions, is in the order of 11%
at the hub with the fully 3D simulation to predict slightly reduced
value. The latter has an impact on the calculation of the tangen-
tial force coefficient (see Fig. 6) where the maximum difference
between the two approaches (3D and quasi-3D) is of an order of
12% for the mid-span position and not at the hub as expected.
This simply happens because the percentage error of the tangent
of the exit flow angle obtains its maximum value at the mid-span
(19.1%).

In addition, the static pressure drop across the passage de-
fines the static pressure drop coefficient (C,) and the comparison
between the 2D and 3D cases is even more encouraging as the
maximum error is not more than 7% for the hub position, as il-
lustrated in Fig. 7. For its calculation, the average axial velocity
between the upstream and downstream position has been used as
the difference between the two is too significant to be neglected.
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Having obtained those non-dimensional coefficients the to-
tal pressure loss coefficient can be calculated by Eq. 8. The cal-
culated values at every position are illustrated in Fig. 8. This
comparison reveals the maximum error at the mid-span position
in the order of 35%, mainly due to the error coming from the
tangential force coefficient calculation. The observed error at the
two other positions (hub and tip) is not more than 7%.
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Figure 8. Analytically calculated total pressure loss coefficient.

On the other hand, if the total pressure loss (as directly pre-
dicted by the solver - see Fig. 9) and flow deviation are used for
mID TP the derivation of the Cp and Cy, coefficients, the plots in Figs. 10

and 11 are obtained.
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Figure 6. Tangential force coefficient distribution.
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Figure 7. Static pressure change coefficient distribution.
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Figure 11. Lift coefficient distribution.

By looking at Figs. 10 and 11 and comparing the 3D against
the 2D case, it can be easily observed that the large deviation
at the predicted total pressure loss coefficient previously under-
lined, is directly reflected on the drag coefficient thus affects
the lift coefficient as well. The maximum error appears at the
mid-span position. A significant amount of error (18%) appears
also in the lift coefficient calculation. Finally, the comparison
between Figs. 8 and 9 reveals that for the 3D blade simula-
tion the solver predicted values are lower than the calculated by
the C,, and Cy coefficients by a maximum of 28%, confirming
that the numerical tool tends to under-estimate the total pressure
loss [30]. On the other hand, there is no significant error between
the calculated and predicted values regarding the 2D profiles as
apparently the flow structures are simpler and thus more easily
predicted by a numerical simulation. In general, there is always
a noticeable difference between the 2D and 3D results. This is

expected in the sense that all the flow patterns developed in the
3D case such as endwall losses or radial flows due to the 3D
blade shape do not exist in the 2D simulations and therefore are
neglected. However, the regression analysis presented in the next
section reveals that the 3D flow effects have no vital impact in the
calculation of the overall blade performance using the pressure
rise and tangential force coefficients.

Regression analysis

The suitability of the aerodynamic coefficient expressions
to describe extreme partload blade operation is investigated by a
regression analysis on the above presented data sets. In all cases
a first degree polynomial fit is employed to describe the three
dimensional blade data as shown in Figs. 5 to 11. In such kind of
analysis the fit goodness is assessed using the Summed Square
Due to Error (SSE) as well as the R-square indices, defined as:

SSE =Y (vi—5)* )
R Y(5i—v)? 10
CY(i—y)? (10

It is reminded that an SSE value closer to 0 as well as R-
square values closer to 1 indicate a better fit. More details about
fit goodness estimators can be found in [31].

Figure 12 shows the fit goodness estimators for the blade
coefficients as defined above. It can be seen that the achieved fit-
ting in the first set of parameters (C, and Cy expressions) is def-
initely better than the linear approximation of the Cp, Cy, based
expressions. More specifically, the linear approximation of the
flow exit angle, tangential force and static pressure change coef-
ficient is quite successful as the SSE is kept at low levels while
the R-squared parameter gets values very close to unity. Never-
theless, poor fitting on the calculated values of the total pressure
loss coefficient can be observed which, however, is not as poor
as the fitting on the predicted by the solver total pressure loss
coefficient. In addition, the linear approximation does not look
very promising as far as the drag coefficient is concerned due
to the large errors propagated in its expression by the total pres-
sure loss coefficient prediction and the cubic dependency upon
the flow exit angle (see Eq. 6). Finally, the regression estimators
obtain quite satisfactory values regarding the lift coefficient ap-
proximation, but by no means this confidence is comparable with
the reliability offered by the first parameter set. Therefore, the
above analysis showed that a linear approximation of off-design
blade performance data is much more worthy to be done in terms
of tangential force and static pressure change coefficient as there
is high confidence on this kind of estimation.
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Figure 12. Regression evaluation factors for the linear fit on the three
dimensional blade data.

Attempting now to take advantage of the above concluded
statement, a comparison between the linear regression fits and
the blade element result is conducted. Similar to the above in-
dices are used to evaluate how well the two dimensional data
are able to predict the regression lines previously fit in the three
dimensional blade data. In other words, for this second compar-
ison, the blade element results are considered as the estimators
of the regression lines. The fit goodness is evaluated in a similar
approach. As shown in Fig. 13, the approach based on the C,
and Cy expressions offers high reliability as a minimum SSE are
combined with very high R-squared values which in fact proves
the suitability of the blade element derived coefficients for the ap-
proximation of the three dimensional regression line. Relatively
high confidence is also observed for the total pressure loss co-
efficient approximation. On the other hand, the poor prediction
of the solver derived total pressure loss coefficient value, leads
to an equally poor approximation of the drag coefficient while a
marginally accepted lift coefficient prediction is also observed.
In general it has been shown that the blade element data are able
to predict the three dimensional blade performance as long as
the tangential force and static pressure change coefficients are
employed.

The two-step regression analysis presented above justified
the suitability of the blade element tangential force and pressure
change coefficient to predict the performance of the three dimen-
sional blade at high level of confidence. Initially, it has been
shown that the three dimensional blade data can be better repre-
sented by the previously mentioned set of coefficients, revealed
by the regression goodness factors. The latter implies a lower
error in the estimation of the aerodynamic performance of the
3D blade after a spanwise integration. In addition, as the results
showed, the C}, and C; two dimensional data match better the

Figure 13. Evaluation factors for the prediction of the three dimensional
regression fits using blade element data.

regression line of the three dimensional simulations, while this
does not happen when the second parameter set is used. From
these observations, it is understood that a whole blade perfor-
mance estimation, based on two dimensional blade element data
expressed in terms of tangential force and pressure change coef-
ficient, demonstrates better applicability than the analysis based
on the lift and drag coefficient definitions.

This is partially justified by the considerations on the numer-
ical solver’s capability to predict the amount of loss that a flow
experiences through turbomachinery passages. It is well estab-
lished that CFD solvers are in general reliable enough at predict-
ing static pressure drop (thus kinetic energy increase) due to flow
acceleration as in this case that despite the diverging channel the
flow experiences an acceleration due to the negative incidence
effects. However, their predictive capability is crucially lower
when they reach the point that the dissipation of kinetic energy
into energy loss must be defined, as there is lack of predictability
as far as the entropy increase mechanisms of the flow are con-
cerned [32] [33]. As aresult, the static pressure decrease in such
flows can be well predicted, but the prediction of the total pres-
sure (energy) loss is generally poor. On the other hand, flow
deviation is not heavily affected by the weakness to predict the
velocity profile at the exit as this property reflects just the direc-
tion of the velocity vectors (and not their magnitude) which is
primarily affected by the channel and the size of the circulation
area rather than the actual magnitude of the outlet flow. The two
latter points provide the advantage to the C, and Cy epxressions
against the Cp and Cy, coefficients. The former parameter set is
based on static pressure loss and deviation predictions while this
is not the case for the latter which relies exclusively on total pres-
sure loss prediction. In addition, the mathematical calculation of
Cp and Cy, is more complicated and more dependent on the to-

Copyright (© 2011 by ASME



tal pressure loss than the simpler and more explicit definition of
Cp and Cy coefficients. As a result, the errors in the prediction
of all the properties have a stronger impact on the drag and lift
coefficients.

It can be argued here that no certain comparison can be done
between the 2D and 3D cases as far as the total pressure loss is
concerned due to the radial flows occurring in the 3D case in-
creasing significantly the overall amount of energy loss. How-
ever, as can be seen from the above results it does not look that
3D flows have a strong impact in the average loss. 3D flow struc-
tures might rearrange radially the flow layers (and this justifies
the difference between the 2D and 3D property distribution) but
no significant increase in the overall loss occurs as a large per-
centage of the total pressure loss (and probably of a bigger order
of magnitude than the radial losses) comes from the separated
regions along the span. Hence, the performance of the individual
2D profiles can easily be taken from a database, thus no compli-
cated three dimensional blade loss studies are required at a first
approximation such as the preliminary engine off-design estima-
tion phase.

Consequently, a simplified blade element theory looks to be
valid also for far off-design cases as long as a suitable definition
of the aerodynamic blade coefficients is employed. This find-
ing allows the approximate performance estimation of every 3D
blade operating under such off-design conditions using a radially
stacked number of 2D profiles.

The whole engine modelling perspective

The above presented approach can significantly enhance the
whole engine performance predictive capability, thus the con-
cept of the advanced performance simulation is being pushed
forward. As explained in [34] and [35], the coupling between a
performance solver and component models of higher fidelity can
improve the overall accuracy of an engine performance solver. In
this context, an insight into the sub-idle compressor behaviour,
such as the one present herein, allows for the more successful
representation of its low speed characteristics, which are of vital
importance for the accurate simulation of starting and relighting
manoeuvres.

Up to the moment, most of the compressor map generation
techniques are based on the extrapolation of the above idle area
towards the sub-idle. However, lack of physical background pre-
vents those methods from providing accurate component charac-
teristics. More detailed research within the low speed regime
of operation is highly required. As illustrated in [14], map
representation in terms of forque as well as a definition of the
zero speed curve are key aspects for engine modelling of higher
fidelity as interpolation of the characteristic between zero and
above idle will be feasible. Moreover, employment of the torque
parameter, instead of the conventional efficiency factor, allows
for successful modelling at operating points where the latter

reaches infinite values. Consequently, a generic approach for
compressor zero speed line prediction is more than necessary,
and this is where the current technique has a great contribution.
In other words, a blade element loss and deviation database can
be employed for the stacking of a 3 dimensional blade design,
which in turn, is introduced within a suitable stage stacking tech-
nique [14] or even a throughflow analysis, for the whole com-
pressor zero-speed line definition.

Additionally, engine internal drag estimation can be also
conducted in great accuracy. As described in [9], the fan OGV’s
are the major source of engine internal drag under windmilling
conditions as most of the mass flow prefers to pass through the
bypass duct instead of the core engine. Due to the very low
windmilling fan rotational speed, the OGV’s operate at highly
negative incidence imposing a great amount of losses in the air
stream. It is clear that internal drag predictions and studies can be
performed using a blade element database allowing for an early
estimation of the windmilling performance characteristics of the
engine, improving the off-design understanding of the product
even from the early design phases of it.

CONCLUSIONS

A modelling approach for compressors operating at highly
negative incidence angles is proposed in this work. More specif-
ically, a decomposition of a 3D blade into 2D cross sections
(blade elements) has been carried out. Numerical simulations
in both configurations were conducted at incompressible flow
conditions and at highly negative incidences (-58 deg) in order
to verify whether the three dimensional blade design can be ap-
proximated by a radial stacking of the two dimensional profiles.

The main conclusions can be summarised in the following
bullet points:

e In overall, the analysis has shown that the performance of
a three dimensional blade operating at highly negative inci-
dence can be estimated by the spanwise integration of blade
element performance data expressed in terms of fangential
force and pressure change coefficient.

o The tangential force and pressure change coefficient def-
initions require no total energy loss or blade forces to be
predicted but only static pressure change and deviation an-
gle. Hence, the impact of the flow solver’s weakness to pre-
dict pressure losses on the definition of blade performance
is partially avoided as the overall losses can be now mathe-
matically estimated from Eq. 8.

e The regression analysis suggests that the linear approxi-
mation of such off-design blade performance data using the
tangential force and static pressure change coefficients of-
fers a higher level of confidence.

e Stacking the blade element data in respect to the tangential
force and static pressure change coefficients allows for an
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accurate prediction of the regression lines of the 3D blade.
e The error in the performance prediction of the three dimen-
sional blade by a spanwise integration of the blade element
data is directly proportional to the regression errors gener-
ated by the approximation of the 3D data with their linear
fits and the estimation of the linear using blade element sim-
ulations. Therefore, it can be concluded that the C,, and Cy
based integration offers higher predictive accuracy when the
two dimensional profiles are radially stacked to represent the
three dimensional design.

e The above presented approach enhances the part speed
compressor blade modelling offering also further benefits to
the whole engine performance prediction capability; OGV
and by-pass duct modelling can be improved allowing for a
preliminary estimation of the engine windmilling character-
istics such as the internal drag, core and bypass duct mass
flow or shaft rotational speeds even from the early design
phases of it.
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