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Abstract: This paper introduces a semi-analytical approach which enables one to deal with distorted
inflow in axial fans or compressors. It is inspired by the classical parallel compressor (PC) theory
but relies on a local flow-loading coefficient formalism. It is applied to non-uniform flow conditions
to study the aerodynamic behavior of a low-speed fan in response to upstream flow distortion.
Experimental measurements and 3D RANS simulations are used to evaluate the prediction of fan
performance obtained with the local PC method. The comparison proves that, despite its simplicity,
the present approach enables to correctly capture first order phenomena, offering interesting per-
spectives for an early design phase if different fan geometries are to be tested and if the upstream
distortion maps are available.

Keywords: boundary layer ingestion; inlet distortion; axial fan; parallel compressors

1. Introduction

Increasingly stringent environmental constraints push the aeronautical industry to
drastically decrease airplane emissions. Many theoretically promising innovative airplane
technologies can be collected under the umbrella term “integrated propulsion airplanes”.
These are characterized by the propulsive system being conceived to operate in synergy
with other airplane parts for an overall system-level energy benefit [1].

Consequently, the interactions between the propulsive system and its environment
are enhanced and often lead to additional flow complexity, especially when involving
Boundary Layer Ingestion (BLI). In that case, quantifying the fuel savings at the system
level for a whole mission remains a very challenging issue. The StarC-ABL from NASA
provides a good example: in 2016, this hybrid-electric single-aisle concept was expected to
save 12% of block fuel compared to the reference baseline [2]. Later work brought the block
fuel reduction to 3.4% [3] and more recent work even concluded that this configuration
leads in fact to increasing block fuel up to 5.4% [4,5], largely due to a huge increase in the
mass of the propulsive system. This illustrates how difficult it is to predict the performance
of an innovative configuration during preliminary design with an adequate accuracy.

For this reason, new methods are needed to provide reliable performance predic-
tion during an early design phase and, as stated by Hall [4], this means improving in-
dividual component models. Concerning propulsion with BLI, special attention must
be paid to the fan aerodynamic behavior under distorted inflow conditions, in terms of
stability margin and efficiency penalty, among others. Some 3D parametric studies have
recently been conducted, for example, by Fernandez et al. [6], Schmollgruber et al. [7]
or Habermann et al. [8]. However, the cost and complexity of these simulations remain
prohibitive and the design space they explore is limited in terms of geometries, propulsor
characteristics or operating conditions. Thus, usual Computational Fluid Dynamics (CFD)
tools may not be adapted to a preliminary design.
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This work presents an adaptation of the parallel compressor (PC) theory. This ap-
proach classically considers independent circumferential flow zones evolving through a
compressor, without interacting between each other. In the present work, this theory has
been modified in order to locally use a flowloading coefficient (¢—1p) formalism. Instead of
relying on a global performance curve, the user inputs are some basic geometric elements
of the blades and flow deviation correlations. It enables dealing with any upstream flow
distortion map, and the downstream flow field provided can then be averaged in order to
update the corresponding fan performance.

In the first section of this paper, the local PC formulation is described in detail. Next,
it is applied to a low-speed fan for two operating points with distortion. The results are
compared to experimental measurements and higher-fidelity CFD simulations in order to
validate the approach and discuss its limitations.

2. Local Parallel Compressor Model

The approach referred to as the parallel compressor theory was first introduced by
Pearson [9] and has been extensively used to predict the impact of an inlet flow distortion
on the stability limit of a fan or a compressor. The idea consists of subdividing the compres-
sor in different segments along the circumferential direction (for an azimuthal distortion),
considering each of them as independent and fed by a uniform inflow. The initial formu-
lation assumes a steady behavior and a uniform outlet static pressure distribution, each
compressor segment operating at the same rotational speed and different pressure ratios.
A lot of research work has been carried out to enrich the physical modeling:

*  Defining a critical extent for the distorted angular sector [10];

¢ Combining an analytical description with empirical results in order to determine an
appropriate characteristic time [11-15];

*  Coupling this approach with dynamic system modeling tools to better capture the
inertia of multi-stage configurations [16-22].

Most of the time, the use of PC involves global performance, e.g., fan pressure ratio
maps and efficiency penalties or pressure loss correlations when available. An example of
implementation and application of classical PC can be found in [23], for example. Addi-
tional research has been carried out in order to achieve a local flow prediction. Doulgeris
combined the classical parallel compressor approach with a streamline curvature (SLC)
method to account for the variations in the radial direction [24]. Valencia also started from
meanline modeling but added local loss correlations based on Miller’s work [25], which is
described as the discretized Miller approach [26]. More recently, Menegozzo presented a
similar approach intended for enhancing performance prediction [27].

Less work is available with regard to the modeling of distortion itself. A two-zone
model has been proposed by Budziszewski [28]: it involves boundary layer integral
quantities, namely displacement and momentum thicknesses, and creates an equivalent
1D upstream distortion profile. This two-zone profile is then combined with classical
parallel compressors based on clean flow performance curves, which gives access to the
fan performance under distortion. This semi-analytical modeling is promising but there is
room for improvement in the fan stage treatment.

In line with this philosophy, the present work aims at establishing a local method,
discretizing the fan blade geometry and relying on Euler’s theorem in order to produce
a customized outlet flow field. This improvement makes it possible to access the 2D
distortion map downstream of the rotor, from which the fan performance under distortion
can then be deduced. Thus, it is a relevant tool to study a BLI propulsive configuration
without resorting to costly unsteady CFD simulations.

The parallel compressor model is implemented here using a flowloading coefficient
(¢—1) formalism. Given the low-speed test case, an incompressible formulation is adopted
for ¢ (Equations (1) and (2)). In this framework, the fan iso-speed performance curves are
all superimposed in a unique line, as pictured in Figure 1, which provides a relevant and
practical linearized relationship between massflow rate and work exchange. ¢p represents
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the transition point between compressor and turbine modes, for which there is zero global
work exchange, referred to as free windmill in the following.

r=1 0
Ah

p="d )

Compressor

Pp

-G“'u"’

Turbine

Figure 1. Performance curve plotted in the ¢—1 framework.

The necessary inputs are the rotor LE and TE stagger angles, the rotational speed,
the target massflow rate and the 2D upstream distortion maps for total temperature, total
pressure, axial velocity and absolute flow angle. Whether global or local, this type of
simplified modeling requires additional information at some point. In the following, two
experimental inputs are also used (see Figure 2):

e Aloss correlation for the fan stage, expressed as a function of massflow rate with a
second-order polynom;

e A modification of McKenzie’s original law (Equation (3)) for flow deviation angle
at the rotor outlet [29], based on measured radial profiles (Equation (4)). 6, and o
refer to the blade camber and solidity, respectively. This correlation is used in the
following for both presented operating points, although it should ideally be adapted
to the operating conditions.

All radial velocity components are neglected. No radial equilibrium is prescribed at
the outlet, which means that no radial flow redistribution is taking place. This point can be
limiting, especially for off-design operating points, but as discussed by Cousins [30], it is
particularly difficult to implement and has been put on hold for now.
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Figure 2. Loss correlation (left) and modified MacKenzie’s law at rotor TE (right).

Figure 3 introduces the notations used in the following to describe the velocity trian-

gles at the rotor LE and TE. In order to apply this model to the fan stage, two 2D meshes
are created to represent the rotor LE and TE sections, as illustrated in Figure 4. In line with
the principle of parallel compressors, there is no interaction between a mesh cell and its
neighbors. In the following, all the quantities are mass-averaged, but in case some have
to be area-averaged, the spatial discretization ensures that the surface of all the cells is
the same, in order to not create an unwanted geometric weighting. In the present work,
the 2D mesh is composed of 64 and 360 cells in the radial and circumferential directions,
respectively. For each cell, the method follows the steps below:

1.

Section 1 is initialized by sampling URANS results for four quantities: V,, P;, T;,
« (Figures 8 and 9) and the velocity triangles in Section 1 are calculated. Indeed,
URANS maps are coherent with experimental ones (see, for example, Figure 10 for the
upstream swirl angle «) and enable the use of an adequate 2D mesh while importing
the exact same boundary conditions at the rotor LE for a proper comparison to 3D
CFD. Section 2 is initialized by calculating the rotor relative outlet angle 8, thanks to
the modified McKenzie’s law for flow deviation (Equation (5)). The axial velocity V,»
is initialized using massflow conservation for an incompressible flow (Equation (4)).
The loading coefficient i of the fan is calculated using a simplified analytical model
(Equations (6)—(9)), valid under certain assumptions (see [31]);

Section 2 is updated accordingly: keeping V.; and 7 constant, accounting for pressure
loss and modifying the velocity triangles. The massflow rate in Section 2 is computed
and V7, is corrected until massflow conservation is reached (Equation (10));

1 is re-evaluated based on Euler’s theorem (Equations (11) and (12)) and ¢ is updated
using the same value of n as in step 2;

Section 1 is updated using the new value of ¢ (Equation (14)). The massflow rate in
Section 1 is computed and V,; is corrected until massflow conservation is reached
(Equation (15));

¢ is mass-averaged in Section 1 (Equation (19)) and steps 2 to 6 are repeated until
convergence is reached;

For each radius, a mean fluid particle passage time and circumferential displacement
are calculated (Equations (16)—(18)), which reshapes the resulting field in Section 2.

sl — (1.1 40.316,) o3 @3)

sodified _ (1140436,) 0% 4)
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Figure 4. Example of coarsened mesh used for PC calculation.

Figure 5 depicts the associated workflow. 1i1y;; refers to the target massflow rate,
imposed from measurements or CFD results. X represents the mass-averaged value of
quantity X along a given annulus and depends on the radius. X represents the mass-
averaged value of X in the whole 2D section. As mentioned by Valencia [32], although this
method is very basic, it has some advantages, such as dealing with any distortion pattern,
involving no pre-calculated fan performance map and requiring very low CPU resources.
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Figure 5. Local parallel compressor workflow.
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3. Higher-Fidelity CFD Simulations

In order to evaluate the local PC approach, two types of numerical simulations
are presented:

®  The first one is body force modeling (BFM), which consists of using source terms
to reproduce the passage-averaged effect of the blades on the flow. Previous work
already evaluated this approach in presence of an upstream flow distortion for a
low-speed fan operating as a compressor [33]. This work is extended in this paper to
a free windmilling operating point, keeping a simple distortion pattern at the inlet;

e The finest level of fidelity relies on unsteady Reynolds-averaged Navier-Stokes sim-
ulations (URANS) performed on the whole annulus of the fan stage. It represents a
reference method to capture the aerodynamics of the fan with inflow distortion, but
its cost still remains prohibitive for early design phases. It is shown here to complete
the experimental results and to evaluate the other approaches.

3.1. Body Force Modeling (BFM)

The general idea of BFM is to avoid directly simulating the 3D geometry of a turbo-
machinery blade row and to fill in the bladed areas with source terms which represent the
forces exerted by the blades on the fluid. The formulation retained in the present work
is based on Hall’s model [34] and extensively explained in Thollet’s work [35]. Previous
work showed that it provides satisfactory results in presence of a distorted inflow com-
pared to URANS blade simulations for a compressor-like operating point (see [33] for the
details of the implementation and the analysis). This method has also been validated using
Gong’s model in the case of a small turbofan under windmill conditions [36]. All the BFM
simulations presented here rely on the Hall-Thollet model.

3.2. Unsteady RANS Simulations

The highest level of fidelity consists here of full-annulus URANS simulations, carried
out with the elsA software. They feature two sliding mesh interfaces, between the inlet
of the domain and the rotor and between the rotor and the stator. All the numerical



Int. J. Turbomach. Propuls. Power 2021, 6, 34 7 of 15

settings are presented in [33]. Except for the turbulence modeling, this approach requires
no particular hypothesis. It enables oe to capture rotor-stator interactions and interblade
passage phenomena and is therefore considered here as a numerical reference.

4. Validation Test Case

The test case is a low-speed cooling fan stage, designed and produced by Safran Venti-
lation Systems. A 3D view of the fan stage is shown in Figure 6 and its main characteristics
are given in Table 1. More information about the test rig and the instrumentation used for
experimental measurements can be found in Ortolan’s PhD work [37].

Rotor  Stator Rear support

Fan configuration

Figure 6. 3D view of the fan stage.

Table 1. Fan stage characteristics, from [37].

Diameter D < 200 mm
Rotor blade count Ng =17
Stator blade count Ng =23
Design rotational speed 0 ~ 12.000 rpm
Axial Mach number 0.1-0.2

5. Distortion Patterns and Operating Points

In order to create simple patterns, two distortion grids with a uniform porosity were
used (Figure 7), which results in a two-zone total pressure field for upstream conditions.
The 1 mm grid was associated with a high mass-flow rate compressor-like operating

point and led to a 1.7% total pressure deficit, i.e., Dinin — (0.983. The 2.5 mm grid was

Pimax

associated with free windmill and led to a 0.3% total pressure deficit, i.e., gllr'n”;‘( = 0.997. The
combination of these operating conditions and these distortion grids was chosen in order
not to operate too close to the fan stability limit and to not create too much aerodynamic
blockage. The last situation actually corresponds to severe off-design flow conditions,
possibly representative of a hybrid-electric aircraft configuration if a battery was to be
reloaded during a descent flight phase—for example, the rotor operating as a turbine in
that case. Such a combination of both windmilling regime and non-uniform upstream flow

is currently not documented in the literature.



Int. ]. Turbomach. Propuls. Power 2021, 6, 34 8 of 15

Pl max

1.000
IO 996

-0.992
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2.5 mm regular grid 1 mm regular grid

Figure 7. Distortion grids and example of measured total pressure pattern.

Figures 8 and 9 show the distortion maps extracted from the URANS results at the rotor
LE. They are used as inputs to apply the local parallel compressor model as previously
described. Although the targeted distortion aims at creating a total pressure deficit, a
non-negligible swirl also exists near the hub in this section (Figure 10), attributed to the
combination of the high radial curvature (see the front bulb in Figure 6) and the azimuthal
pressure gradients at the 180° grid extremities. This point is discussed in the last paragraph.

Figure 8. (a—c) Boundary conditions used in PC model for the compressor operating point (T; is
uniform).

Figure 9. (a—c) Boundary conditions used in PC model at free windmill (T} is uniform).

Figure 10. Swirl angle measured at rotor LE: compressor (a) and free windmill (b).
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6. Results

BEM simulations are parallelized with 64 cores and URANS simulations with 512 cores,
both using up-to-date CPU performance. Table 2 gives typical user times corresponding
to the three approaches. The next paragraphs compare the results for the two sets of
operating conditions.

Table 2. Typical user time for 1 operating point with distortion.

PC BFM URANS
<10s 12h 1 week

6.1. Compressor-Like Operating Point

Table 3 compares the prediction of global performance for the fan stage operating as a
compressor: total-to-total pressure ratio 7, isentropic efficiency #, total and static pressure
rises across the stage AP;, AP. These figures are not available from experimental results,
as well as local values are not available downstream of the stator row. For a preliminary
design phase, the accuracy of the results and the physics captured are quite satisfactory,
both with parallel compressors and body force simulations. The main weakness of PC is the
absence of downstream velocity redistribution; hence, the error in the static pressure rise.

Table 3. Relative discrepancy between URANS and lower-fidelity approaches.

1t T 1 AP; AP
BFM—URANS +0.6% <0.1% +3.2% +3.1% +1.5%
PC—URANS 0% +0.1% +2.4% +6.3% —25.9%

Figures 11 and 12 show the stagnation pressure and temperature maps downstream
of the rotor and the stator, respectively. What is shown as total temperature from the
experiments is actually not directly measured but evaluated thanks to Euler’s theorem
from the flow turning, the main uncertainty coming in that case from the flow angle values.

PC BFM URANS EXP

Figure 11. Total pressure (top) and total temperature (bottom) downstream of the rotor.
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BFM URANS BFM URANS

Figure 12. Total pressure (left) and total temperature (right) downstream of the stator.

6.2. Free Windmilling Operating Point

Table 4 compares the prediction of global performance for the fan stage operating
under free windmill conditions: since the global work input is close to zero, the pressure
ratio is close to 1 and calculating efficiency would not make sense, either as a compressor
or as a turbine.

Table 4. Relative discrepancy between URANS and lower-fidelity approaches.

1t AP; AP
BFM—URANS —0.1% +51.7% +47.2%
PC—URANS 0% +63.2% +50.1%

Qualitatively, the numerical results downstream of the rotor match fairly well with
the experiments for total pressure (Figure 13). The local variations of total temperature
are around 1K or below, which falls in the measurement uncertainty range. Experimental
results are also affected by the higher level of flow unsteadiness which naturally appears
for these operating conditions, which makes the flow angle values more difficult to accu-
rately measure.

BFM URANS EXP

Figure 13. Total pressure (top) and total temperature (bottom) downstream of the rotor.

Concerning the stator (Figure 14), a notable discrepancy can be seen between the
URANS and BFM results, despite the loss calibration. Indeed, the off-design term added
in the parallel force globally increases the loss level, but not enough to account for 3D
effects here. In the URANS results, each stator vane is massively separated at the LE, due to
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BFM

SN, |

severe flow under-incidence, and the wakes are much thicker than for the compressor-like
operating point. A detailed description of the flow topology at free windmill is given
by Courty-Audren et al. [38]. An interesting update of loss correlations at high negative
incidence has recently been published [39,40] and could be useful in future work to improve
this point. However, it should be underlined that the hypotheses behind the body force
approach are particularly challenged, since the flow structures observed from URANS
exhibit high gradients in the blade-to-blade direction, involving smaller length scales than
for the compressor-like operating point. Figure 15 shows the axial velocity component
downstream of the stator (the white line is an iso-line for the medium value of each case),
revealing very different spatial distributions.

A
[ vA 1350Pa ,
] !Ea | IQZK

v/
G

I

I WX

URANS BFM URANS

Figure 14. Total pressure (left) and total temperature (right) downstream of the stator.

Stator TE

Figure 15. Axial velocity downstream of the stator: compressor (a) and free windmill (b).

6.3. Point of Attention

The previous two paragraphs show that the local parallel compressor model satisfac-
torily captures first order effects, provided that it is fed with correct upstream conditions.
Particular attention should be paid to the upstream swirl angle, which is often neglected.
In the present case, the model has been tested with uniform zero swirl and led to very
different outputs (Figure 16, to be compared to Figures 11 and 13). It is in fact the main
difficulty in a design context: this method is efficient for what concerns the propagation of
the distortion across the fan stage but requires relevant inputs to accurately characterize
the upstream distortion maps.
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Figure 16. Total pressure and total temperature downstream of the rotor, assuming the same V;, P;, T; conditions from
URANS and uniform zero swirl angle: compressor (a) and free windmill (b).

7. Conclusions

This work introduces a low-fidelity method to tackle the prediction of fan performance
under distorted inflow. It is compared with higher-fidelity simulations and experimental
measurements. The main take-aways are the following:

¢  Theidea of the present modeling is very simple since it relies only on the fan blade
geometry and on Euler’s theorem;

*  Concerning the fan behavior, this tool can be used without additional inputs. How-
ever, a finer customization is possible, extracting loss or deviation calibrations from
measurements or higher-fidelity CFD, for example. If this approach is to be used
during an early design phase, the explored design space must be previously delimited,
so that these inputs are reliable enough.

. Although the parallel compressor model can be considered as rather basic, it proves to
be sufficient to provide relevant physical insight and to correctly quantify the impact
of distortion on the performance near the design operating conditions;

*  Ascould be expected, the most challenging point comes with off-design conditions
and this part of the modeling can be improved;

e The use of the new formulation itself comes with a negligible CPU cost, provided that
the upstream distortion maps are available.

This method provides an interesting alternative to avoid long and expensive simula-
tions, which makes it compatible with a preliminary design phase. It can be combined with
extra data and enriched in many ways. However, in addition to improving the modeling
of individual components, a major perspective to increase the level of accuracy in global
performance prediction remains the coupling of such an aerodynamic method with a
performance tool at the system level, as recently illustrated by Pokhrel et al. [41], Lopez de
Vega et al. [42] or Kolias et al. [43], so that aircraft design can beneficiate from an improved
modeling of the propulsive subsystem, even for complex innovative configurations.
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Abbreviations

The following abbreviations are used in this manuscript:

BLI Boundary Layer Ingestion

CFD Computational Fluid Dynamics
LE Leading Edge

TE Trailing Edge

PC Parallel Compressors

BFM Body Force Modeling

RANS Reynolds-Averaged Navier-Stokes
Unsteady Reynolds-Averaged Navier-Stokes
pressure

temperature

relative velocity

absolute velocity

rotational speed

density

flow coefficient

loading coefficient

local deviation angle

pressure ratio

isentropic efficiency

massflow rate

section surface

c
=
>
Z,
»

absolute flow angle
relative flow angle
axial chord length
blade camber
blade solidity
blade metal angle
absolute velocity

SR APLITHER NWIR YLD <IN

h/H relative span height
XY,z cartesian coordinates
z,1,0 cylindrical coordinates
i stagnation quantity
1,2 relative to the rotor LE, TE sections
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