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Abstract

Boundary Layer Ingestion propulsors operate in an adverse aerodynamic environment
with high levels of distortion. With the purpose of extending the operating range of
transonic fan rotors for BLI applications, in this paper we present an optimisation study
focused on blade profiles design under different working conditions. Quasi-2D blade
sections are optimised using a genetic algorithm and numerical simulations, by varying
the camberline and thickness distribution. A method to efficiently achieve a combination
of total pressure ratio at a given relative inlet Mach number is devised. The isentropic
efficiency is optimised at the design point, concurrently with the stall total pressure ratio at
a lower inlet Mach number, in a multi-objective fashion. Pareto-optimal profiles exhibit
a moderate leading edge concavity for high efficiency and a straighter fore part with
increased trailing edge deflection for higher compression at stall. Optimised airfoils are
used in a preliminary three-dimensional evaluation with a realistic BLI inflow, in which
the unsteady full-annulus analysis corroborates the approach of the sectional optimisation,
also showing the possibility of estimating the integral performance of the machine with a
simplified approach based on a single-passage simulation with a circumferential-averaged
inflow distribution.

Keywords: transonic fan; boundary layer ingestion; turbomachinery optimisation;
inlet distortion

1. Introduction

The need to develop novel aeroengine designs able to operate under increased dis-
torted conditions stems from the growing importance of tightly integrated powerplant
configurations in civil aviation, tending to submerged propulsors layout in Boundary Layer
Ingestion (BLI) propulsion [1]. Boundary layer energisation has been long recognised to
offer theoretical propulsive benefits, as it allows to reduce the kinetic energy waste at the
jet by producing thrust through accelerating a fluid moving slower than the airplane [2,3],
thus overcoming the well-known Froude lemma for an isolated propulsor showing the
need of an overspeed at the nozzle to produce a propelling force.

The research in BLI propulsion has noticeably grown in the last twenty years, with
plenty of studies facing suitable bookkeeping methods based on near-field, far-field, or
energy approaches to characterise and quantify the effects of BLI on a fluid-dynamics
basis [4], and many other focused on the more detailed evaluation of aircraft configurations
with partly submerged engines in different installations.
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For instance, Seitz et al. [5] reported the CENTRELINE project design efforts for a
propulsive fuselage configuration, reaching around 5% mission fuel burn benefit using
optimised aero-shaping. Bravo-Mosquera et al. [6] designed and tested a conventional
and a BLI aircraft, proving reduced electric power and kinetic energy waste for the latter.
Uranga et al. [7] tested the D8 double bubble aircraft with 40% of the fuselage boundary
layer ingested, measuring a propulsor mechanical power reduction of 9%, in agreement
with theoretical methods. Lee [8] correlated BLI wake characteristics to power savings and
fan performance using CFD experiments.

In addition to these aircraft design studies, some authors have inevitably faced the
gist of the BLI technology, that is, the possibility of realising in practice the boundary layer
energisation by means of a fluid machinery. In fact, the major challenge for developing BLI
vehicles is to design fan rotors that can efficiently and stably operate within the distorted
inflow conditions resulting from the complex coupling between the fuselage flow and
the superimposed rotor effect. Several authors have investigated via experimental and
numerical tests the impact of flow distortion on low-pressure ratio fans.

Gunn et al. [9] experimentally investigated the aerodynamics of a low-speed rotor
under a BLI distortion, identifying key flow features. Perovic et al. [10] expanded the study
to stall inception mechanisms, showing the ability of the rotating blades to recover periodi-
cally from post-critical conditions in steady passage flow. Lee and Liou [11] conducted an
optimisation for a fan with outlet guide vanes (OGV) in a tail cone thruster, using CFD sim-
ulations of the installed stage at cruise. Battiston et al. [12] carried out a three-dimensional
fuselage and nacelle optimisation for an aft-fuselage BLI propulsor and the fan engine
design to operate under the BLI conditions. Castillo-Pardo et al. [13] presented two rotor
designs for the propulsive fuselage concept, showing that an adaptation of the typical
blade stagger to the BLI conditions can enhance the performance. The fan was tested
experimentally with different sideslip directions by the same author, who stressed the
importance of swirl distortion in addition to total pressure for BLI application [14]. The fan
was simulated under installation with unsteady Reynolds-Averaged Navier-Stokes (RANS)
formulation by Tse and Hall [15], who found that a sub-optimal match between the BLI
propulsor and the fuselage can exacerbate flow separation and reverse flow, jeopardising
the theoretical propulsive gain.

Mennicken et al. [16] conducted parametric studies on BLI fan design parameters combin-
ing throughflow methods and 3D CFD at multiple mission points, concluding that a higher
than typical tip speed is necessary to increase the characteristic slope and limit the operating
point excursion of the blades. Martensson [17] examined the effect of BLI distortion forced
response on the fan blades aeromechanics, which is particularly challenging in terms of aeroe-
lastic behaviour and mechanical resistance, as highlighted by Celestina and Long-Davis [18]
for the NASA BLI2DT distortion tolerant fan [19]. Min et al. indicated blade mistuning as an
important source of observed vibration levels in wind tunnel tests [20].

Sieradzki et al. [21] designed and experimentally tested a BLI fan, pointing out
the challenges in the numerical modelling, with an optimistic performance predicted by
CFD against experiments and a significant stall margin drop compared to clean inflow.
Wernick et al. [22] applied different optimisation algorithms to a BLI fan, succeeding to
improve the adiabatic efficiency at a small expense of total pressure ratio.

Aiming to explore design solutions that can help keeping high levels of efficiency
while contributing to stabilise the fan operation across the continuously changing inflow
conditions arising at cruise, in this paper we present a method for the design optimisation of
fan blade profile in BLI applications. The study is an extended version of a conference paper
presented at the 16th European Turbomachinery Conference (ETC16) [23] and illustrates a
framework for the optimisation of quasi-2D profiles operating in the transonic regime. A

https:/ /doi.org/10.3390/ijtpp11020018


https://doi.org/10.3390/ijtpp11020018

Int. ]. Turbomach. Propuls. Power 2026, 11, 18 30f18

multi-point and multi-objective problem is solved to maximise the compression efficiency
at a fixed inflow Mach number and total pressure ratio and the stall pressure ratio at a lower
relative Mach number. The results for two transonic conditions are presented and analysed.
With selected Pareto solutions, the profiles are stacked in a full-span three-dimensional
blade operating with a realistic BLI inlet flow. The rotor is first simulated under different
axisymmetric inflow conditions using a steady-state single-passage model and then with an
unsteady full-annulus sliding mesh solution, comparing the flow field and the performance
obtained in the different cases. The geometric models, the algorithms devised for blade
section optimisation, and the computational methods are described in the next Section 2 of
the paper. Section 3 presents and discusses the results. The overall outcome and outlooks
of the study are summarised in the concluding Section 4.

2. Methods

The study considers two-dimensional profiles of compressors with transonic relative
inlet Mach number, to be adopted in the upper span of low-pressure ratio fans used in BLI
propulsion. The geometric representation of the blade sections and the numerical models
employed for their simulation are described below.

2.1. Blade Parametric Module

The blade geometries employed for sectional and three-dimensional studies were
built using a fully parametric model using the TMBM3.0 in-house software. The code can
deal with generic axial, radial, or mixed type turbomachinery and builds the geometry
by applying a specified blade sectional shape at constant-span layers, by subdividing
the meridional blade projection, as illustrated in Figure 1. The hub, shroud, inlet, outlet,
leading edge and trailing edge meridional projections (Figure 1a) are described as B-Splines,
shaped through the position of their control points, shown with circles in the sample figure.
Constant-span “streamlines” are depicted with dashed lines and each is parametrised as
acurve

s(m) = [z(m), r(m)] ©)

where
dm? = dz* + dr? 2)

is the arc length coordinate of the streamline. For each constant span line, the blade section
is represented by the camberline slope and the thickness distribution. The first is expressed
in this study as

B = B(m') 3)

with p
p_ am

dm' = . 4)

and 20
tan(p) =r=— ()

The chord-normalised thickness distribution

t/c = 1) (6)

(shown in Figure 1b with the B-Spline control polygon) is applied normal to the camberline
in the m — r0 plane (Figure 1c to give the constant-span profile). The blade sections from
hub to shroud are then used to build a three-dimensional B-Spline surface giving the
final blade.
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For the individual blade section optimisation, reported in Section 3.1, nine decision
variables were adopted: six to control the camberline, and three to control the thickness.
In both cases, the distribution was altered by manipulating the B-Splines control points.
For the thickness, its maximum value and its chord-wise position were set with two design
variables, and a third was used to control the thickness slope in the first quarter of chord,
which is critical in supersonic profiles.

rd

z m/ m/

(@) (b) ()

Figure 1. Blade parametric module. (a) Meridional plane. (b) Thickness and camberline distribution.
(c) Blade section.

2.2. Numerical Model

The numerical model of the fan rotor was based on established industrial CFD practice
employing Reynolds-Averaged Navier-Stokes (RANS) x — w SST [24] closure, previously
validated against three-dimensional transonic rotor designs [25]. For blade section opti-
misation, quasi-2D simulations were solved within a stream sheet channel representing a
single blade passage of varying height H, to model a non-unitary Axial Velocity Density
Ratio (AVDR) AVDR = (p2V,x2)/(01Vax,1) = Hi1/Hy, with 1 denoting the inlet of the do-
main, and 2 the outlet. The rotor was enclosed in a body-fitted, structured multi-block grid
connected to a structured quadrilateral inlet and outlet blocks, the rotor motion simulated
by an implicit mixing plane model to avoid reflections in the stationary-rotational domains
interface. The height of the first wall cell was set to have a non-dimensional distance y* < 1.
The inlet and outlet boundaries were places 4.5 axial chords far from the rotor, following
the outcome of the CFD validation of a transonic compressor linear cascade carried out
in [26]. Grid stretching was adopted close to the boundaries to reduce numerical reflections.
A sample mesh is shown in Figure 2.

Figure 2. Sample mesh for blade profile.

Such an approach had been previously validated for purely 2D blade optimisation in
linear cascades, where the relative flow field was simulated [26]. In the current quasi-2D
model with rotational periodic boundaries at the blade passage sides, total pressure, total
temperature, and velocity direction were set at the inlet of the computational domain. At
the outlet, the static pressure was set, producing a mass flow rate that fulfilled the unique
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incidence condition. For a given blade geometry, in fact, the inflow state My, f1, My =
f(pY/p2,Q), with B as the relative flow angle, is determined from the unique incidence
after setting the boundary conditions: inlet total pressure pJ, outflow static pressure p,, and
blade rotational speed (). This approach of specifying the boundary conditions as pressure-
inlet/pressure-outlet removes the need for a unique-incidence enforcement scheme [26]
but still requires iterations to match specific conditions as highlighted later.

The sensitivity to the grid size for quasi-2D simulations was assessed by systematically
varying the number of grid nodes N through a uniform refinement. The results are shown
in Figure 3, from which it appears that the overall change of efficiency and mass flow
rate is very limited, and the flow field stabilises for a characteristic size below 2 x 1073,
The Grid Convergence Index (GCI) [27] between the two finest levels was 1.58 x 10~* and
7.33 x 102 for the isentropic efficiency at OP; and OP,, respectively. For the mass flow
rate, the same indexes were 4.24 x 104 and 2.26 x 10~7. Therefore, the small GCI indicated
that the extrapolation error on grid convergence was sufficiently small enough to allow
retaining the grid level with the characteristic size of 2 x 1072 for the following analyses.
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Figure 3. Blade profile grid sensitivity study. (a) Mass flow rate. (b) Isentropic efficiency.

For three-dimensional simulations, either single-passage steady-state solutions or
full-annulus unsteady solutions were used. The same meshing strategy of the sectional
blade analysis was retained, with the structured body-fitted multi-block mesh around a
single passage having 1.2 M cells. The choice derived from a grid sensitivity study on a
baseline geometry, where the mesh size was systematically varied by uniformly reducing
the characteristic cell size. The assessment showed the convergence of integral metrics
from the medium to the fine mesh as reported in Figure 4. The boundary conditions were a
pressure inlet, in which the spatial distribution of the stagnation pressure and temperature
were specified, and a pressure outlet, where the static pressure distribution varied according
to a radial equilibrium law. For unsteady RANS solutions, the initial condition was set
by replicating a single-passage solution obtained with an axisymmetric inflow condition.
Temporal periodicity of the flow field occurred after five rotor revolutions, and statistics
of integral metrics were accumulated over two complete rotor revolutions for averaging.
For the time discretisation, a backward second-order method was used with a relatively
coarse time-step, allowing to resolve without aliasing seven blade passing frequencies.
The purpose of the unsteady analysis was, in fact, to obtain a preliminary estimate of the
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integral machine performance and the flow field topology across the cascade, rather than a
highly resolved analysis of the temporal length scales occurring.
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=
3 ;.
QE §0.9
& 0.9 2
0.925 0.950 0.975 1.000 0.925 0.950 0.975 1.000
m/mg m/mg

(@) (b)

Figure 4. Sensitivity of characteristic maps to grid size for a sample three-dimensional blade. (a) TPR.
(b) 7iso-

2.3. Optimisation Strategy

The operation of a fan in a non-uniform total pressure environment induces several
effects on the flow field. Authors in the literature, using numerical and experimental
methods, have identified key physical mechanisms driving the blade response to inlet
distortion [28-30]. In view of these findings, considering the specific case of a rear-fuselage
boundary layer ingesting propulsor, the resulting inlet field is characterised by a contin-
uously changing total pressure profile and flow swirl, caused by the up-swept fuselage
boundary layer (an example from a CFD simulation of an aft-fuselage BLI nacelle will be
showed later). The rotor thus has to operate under low-momentum areas corresponding
to reduced mass flux, i.e., inlet Mach number, and high-momentum areas, i.e., higher
inlet Mach number, passing over one rotation multiple times from post-stall to deep chok-
ing conditions.

In order to enhance the capability of the rotor to efficiently and safely operate in such
a scenario, an optimisation problem for blade profile sections in the upper half of the blade
span was solved considering two operating points (OP), denoted OP; and OP,. OP; is
the design operating conditions, where a target total pressure rise value is required at a
prescribed relative inlet Mach number (the Mach number will be implicitly assumed to be
in the rotor relative frame from here on). OP; is a near-stall operating point, occurring at a
lower than design Mach number, representing the profile operation in a low momentum
region, where at the same time a lower relative M; and a higher blade incidence occurs,
the passage being operated unchoked.

Due to the setup of the computational domain, solving both the absolute and the
relative flow motion, it was necessary to devise an algorithm to replicate the desired
operating conditions for quasi-2D blade sections. In fact, neither the incidence angle, or
equivalently B1, nor the Mach number M; could be directly specified, both coming from the
unique incidence condition. The proposed algorithm works differently for the two OP. For
OP;, the workflow is reported in Figure 5. For a given pg, the following relationships hold:

My, B1, Mz = f(Q, p2/pY) )
TPR = p3/p" 8)
= p3(Ma, p2/ 1)/ P}
= p3(Q pa/p})/ 1}
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Given that g'il = 0and aa]:h = 0 at the design point since the blade passage is choked and
2 2
unique incidence holds because M; > 1, the target couple (Migt, pS/p} = TPR'8!) can be

found as a function of the corrected rotational speed () and back-pressure p; (2, p») with:

M = M+ 2 (07 ) ©)
]
: J0TPR OTPR : o i
e 1o+ (GRS (@ ekt o) o
]

oM; O0TPR JoTPR
30" ap and 50 @n be computed by
finite difference between two consecutive simulations j and j — 1, allowing to extrapolate

As shown in the diagram, the derivatives

the required value of (V*! and p];l giving the target Mig "and TPR!S!. In each iteration
j, therefore, the blade row is solved with a the specified couple () and pé, finding M]1
and TPR/. If they are not within a threshold with their target values, by using the stored
data of the current and previous iteration the derivatives of the input parameters with
respect to these output quantities are calculated by finite difference, and a new couple Qtl
and p];l is extrapolated. With a first estimate of the derivatives coming from a Design of
Experiment (DOE) campaign used to initialise the optimisation, the algorithm was able
to meet the targets at OP; with a 2% absolute error within four iterations. An optimal
tuning of the CFD solution, along with a suitable choice of residual target and number
of iterations (the derivatives do not require a fully converged CFD solutions but only a
stabilisation of the integral metrics upon which they depend), allowed to obtain affordable
computational times.

6TPR|

j=0 9Q lj=o
OTPR
op2

M,
20

j=0

[ ey \
1 p h
: CFD evaluation extrapolation I
1
1 i j . j+1 ~j
| TPR/, M] j+1 py it :
| \ 4 |
1 i 1
! (" N 1
| AM, ATPR| ATPR !
! ) (el il
. AQ i AQ ; Ap, j :
1 > (& J
. Convergence? No T :
! 1
: stored CFD data 1
! TPRI=L, M/ ™! I
1

Figure 5. Workflow to enforce boundary conditions at OP1 with choked blade passage subjected to
the unique incidence condition.

At OP;, the near-stall condition has an unchoked blade passage, with M; and B4
varying independently from p; at given Q) and p!. Here, the rotational speed Q°%2 was set
fixed to give a unique incidence Mach number MP?? ~ 0.9MP"! using the last evaluated

sensitivity aa% at OP; and the near-stall condition was found with a grid search algorithm

https:/ /doi.org/10.3390/ijtpp11020018
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with an adaptive p; step, letting a maximum number of iterations equal to four. Using the
same optimised numerical strategy, the computational time for OP, was comparable to that
for OP;.

The formal optimisation problem was thus formulated as

. _ ) AX) =7 @OoP;
min F(X) = { £(X) = —TPRyx @OP, (11)

with X denoting the design variable vector, containing six B-Spline control points vertical
displacements of the camberline j distribution and three B-Spline control points displace-
ments of the thickness distribution. The latter was varied in terms of compression ramp
slope, leading edge radius, and maximum thickness value. Thus, a total of nine design
variables was used for each profile. The proprietary GeDEA-II genetic algorithm was
used to solve the multi-point multi-objective optimisation problem, due to its superior
performance for constrained multi-modal functions [31].

In order to ensure that at the p/p; of OP; the blade did not stall prematurely at OP,, a
constraint on the stall back-pressure p, of OP, was added, requiring p;)pz > pgpl, meaning
that at given pY, the design outflow static pressure p, of OP; must not cause stall at a lower

inlet Mach number (OP,).

3. Results
3.1. Blade Profile Optimisation

The nine decision variable problem of finding the Pareto-optimal solutions of camber-
line and thickness distribution according to the specified multi-objective and multi-point
formulation was solved with the target conditions reported in Table 1, corresponding to
those met near the tip of a typical transonic fan. Each case had an AVDR = 1.15 and was
run for 10 generations with a population size of 20 individuals.

Table 1. Operating conditions for profile optimisation.

M; @ OP, TPR @ OP;
1.10 1.38
1.05 1.35

The summary result in terms of the Pareto frontier is reported in Figure 6 for the two
cases. The case with M; = 1.10 has a narrower Pareto front, with a lower variation of the
objectives. In both cases, the conflict between them is evident. Selected Pareto points, going
from the best in f; to the best in f,, are examined in the following.

-1.42

1441

—_

N

(=2}
T

TPR OP,
5

M; = 1.10

-1.54 — '
-0.96 -0.94 -0.92 -0.9 -0.88

Niso OP]

Figure 6. Pareto front of the blade profile optimisations.

Figure 7 reports the camberline slope 8 and thickness distribution ¢ /¢ for the three
points, marked A, B, and C in Figure 6. Opt. A corresponds to the best efficiency airfoil, at
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expense of stall TPR, and it is very similar to the best compromise solution B. Both have an
S-shaped pre-compression ramp and a low thickness. The best stall-TPR profile, Opt. C,
has a very low thickness in the fore part and a higher deflection on the trailing edge.

0.015
0.01¢ )
Q
= —Opt. A
0.005 —Opt. B ! )
0 Opt C.
0 0.05 0.1 0.15 0.2 0.25 0.3
m
E 50 [ B
=
= 45" —Opt. A i
—Opt.B
40 Opt‘ C. | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
m

Figure 7. Camberline slope and thickness distribution for selected Pareto points for M; = 1.1.

The performance of Opt. A and Opt. C can be appreciated by looking at the Mach
number contours of Figure 8. At OP;, Opt. A has a weak bow shock impinging on the
suction surface near the trailing edge, where an inclined mild passage shock originates. Opt.
C has a similar shock pattern, although the higher deflection creates a stronger passage
shock and a thicker wake eroding the efficiency. At OP,, the slope of Opt. A causes a strong
detached shock, triggering boundary layer separation on the suction surface. Opt. C has a
less detached and weaker bow shock due to a reduced expansion from the leading edge,
and the attached flow is more turned, producing a higher pressure ratio at stall.

At M; = 1.05, Figure 9 shows the camberline slope and thickness distributions of the
three selected points on the Pareto. The shapes are now more various, with Opt. A being
an S-shaped profile, Opt. B having a balance in both objectives featuring a less pronounced
counter-slope at the fore chord, and Opt. C having a single curvature. This trend appears
more regular and indicative of a physical mechanism. The thickness distributions are
very similar, instead, with Opt. C presenting a slightly increased thickness in the first 20%
of chord.

The Mach number distribution of Opt. A against Opt. C is depicted in Figure 10. In
the former, the shock/expansion pattern resembles the one in Figure 8a at OP;, with a
weak bow shock and an even weaker passage shock causing no harm to the boundary
layer. Opt. C has a merged bow and passage shock, with a large suction side separation
which increases the losses. At OP,, Opt. C shows improved performance with a mild tail
separation triggered by the ejected passage shock, the flow deviation at the trailing edge
raising the total pressure. Opt. A, instead, suffers from a strong detached shock far from
the leading edge which is induced by the higher acceleration, showing less tolerability to
increased back-pressure.
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\

(a) Opt.A @OP, (b) Opt.A @OP,

Figure 8. Selected optimised profiles for M; = 1.1. Relative Mach number distribution.
(a) Opt.A @OP;. (b) Opt.A @OP,. (c) Opt.C @OP;. (d) Opt.C @OP,.

(c) Opt.C @OP, (d) Opt.C @OP,

0.015
0.01F 1
<
+ —Opt. A
0.005 —Opt. B 1
0 —Opt. C
0 0.05 0.1 015 02 025 03

0 0.1 0.2 0.3
m
Figure 9. Camberline slope and thickness distribution for selected Pareto points for M; = 1.05.
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D

(a) Opt.A @OP; (b) Opt.A @OP,

» |
\\

(c) Opt.C @OP, (d) Opt.C @OP,

Figure 10. Selected optimised profiles for M; = 1.05. Relative Mach number distribution.

Overall, the outcome of the sectional optimisations indicates a certain trend of Pareto
solutions, with an expected S-shaped fore part for higher efficiency and large deflec-
tions for maximum TPR, which substantially agrees with previous research on transonic
compressors [32].

3.2. Three-Dimensional Assessment

The result of the previous quasi-2D blade optimisation was utilised for a preliminary
three-dimensional assessment using a full-span blade model, in order to analyse the flow
field arising when including the effect of radial flows and under inlet distortion typical of a
BLI application. The latter was obtained from the CFD simulation of a half-wing aircraft
model with aft-fuselage BLI propulsor in cruise condition [33]. The total pressure field is
depicted in Figure 11, together with three insets showing the radial distribution at three
azimuthal positions. The fan blade was designed for a pressure ratio of 1.31 and a tip Mach
number of 1.10, with profiles from sectional optimisations employed above 87.5% of span.

0,0
P

Figure 11. Inflow condition used in three-dimensional blade evaluation.
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For the assessment of the three-dimensional performance, different approaches were
used. Initially, single-passage steady-state simulations were run with axisymmetric dis-
tributions of total pressure at the inlet. The rationale stemmed from the fact that when
the purpose is to evaluate the integral metrics of the turbomachinery in a rapid way, an
approach similar to a frozen-rotor model might be used. Since the inflow conditions are
continuously changing as a single blade rotates, the aerodynamic interface plane (AIP)
can be sampled at a given azimuthal coordinate, equivalent to the phase angle of the
blade, in order to reconstruct the overall performance through the combination of several
single-passage steady-state simulations with different blade clocking. Such an approach is
similar to the parallel compressor (PC) method, which in its simplest formulation computes
the operating point as the area-weighted average on the distortion sector amplitude of the
working condition obtained on the clean characteristics with different inflow total pressure
and equal outlet static pressure [34]. A further simplification consists in computing the
integral machine performance by considering an equivalent axisymmetric inflow condition,
rather than combining results obtained with different boundary conditions. This approach
neglects the flow redistribution induced by the non-uniform static pressure on the AIP
and assumes that co- and counter-swirl regions globally compensate. The possibility of
deriving the integral performance of the turbomachinery in this way was tested using the
circumferentially averaged spanwise distribution of total pressure extracted from the AIP.
The flow field is shown in Figure 11, along with spanwise profiles extracted on the crown,
keel, and sideline. The solution was thus obtained either with the circumferential-average
spanwise profile and with the profiles extracted at these three locations.

Figure 12 reports the characteristic maps obtained by varying the outlet static pressure
with single-passage simulations under the different inlet conditions. The azimuthal angle
6 starts from the top dead centre in Figure 11 and runs counter-clockwise in the figure. It
can be observed that the curve obtained by combining the radial profiles with the parallel
compressor average strictly follows the one obtained with the circumferential-averaged
radial profile, both in terms of TPR and 1;5,, although with a small offset which is quantified
in about 0.5% for the total pressure ratio and lower than 1% for the efficiency. This indicates
that the two methods are consistent for the specific inflow condition considered, despite
both being rather simplified. In particular, the true parallel compressor method requires to
consider several physical effects taking place, like the impact of the critical distortion sector
and inertial phenomena [34,35]. On the other hand, the approach tested here is not strictly a
parallel compressor method, of which it only uses the area-weighted average based on the
distortion amplitude to combine the solutions of different radial profiles. A more realistic
assessment requires comparison with higher fidelity simulations accounting for the effect
of the distortion. For this reason, in addition to single-passage solutions, the time-averaged
integral metrics are also shown for the URANS simulation. In terms of TPR, the URANS
provides a value of 1.27, which is about 1.5% lower than the circumferential-averaged
inflow with the same mass flow rate. For the efficiency, the value is 0.5% lower, in the same
condition. The result thus confirms that it can be possible to obtain a preliminary estimate
of the integral machine performance using a simplified method which relies only on an
axisymmetric inlet profile.
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Figure 12. Characteristic maps for 3D fan geometry obtained with different models. (a) TPR. (b) 7;s,.

By also examining the local parameters, the differences between the models can be
further appreciated. Figure 13a reports the spanwise distribution of TPR under different
inflows at near peak efficiency, including the URANS solution. Starting from the curves
for constant azimuthal sampling of the AIP total pressure, due to the largely varying
distribution on the inlet, shown in Figure 11, the turbomachinery reacts with different work
input and compression. In the case of 8 = 90°, the large total pressure deficit below mid
span forces the blades to operate at lower mass flow rate closer to the stall, with higher
work input, as seen by the work coefficient ¢ = AH/ (Qrtip)z in Figure 13b. The same
conditions hold in the case where 8 = 180° above mid span, where the higher total to static
pressure ratio results in increased compression, whereas the opposite occurs below mid
span, where the energy exchange is reduced. The circumferential-averaged inflow and
the URANS curves are instead in good agreement, again confirming the result previously
obtained for integral metrics, also in terms of local distribution.
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Figure 13. Spanwise distribution of circumferential-averaged quantities at rotor outlet with different
models. (a) TPR. (b) .

As observed in the sectional optimisation, when operating under the full-annulus
inflow, blade profiles are subject to a variety of conditions covering a wide operating range.
Figure 14 shows the instantaneous relative Mach number distribution at 92.5% obtained
in the URANS simulation. The flow field results from the superposition of several effects,
related to the non-uniformity of total and static pressure, which induces flow redistribution
upstream of the blades. This, in turn, generates a non-homogeneous mass flux and blade
incidence due to pre-swirl. In the figure, the variation of the relative inlet Mach number
along the circumference can be appreciated, together with the change of the shock-wave
pattern across the cascade, which rotates from left to right in the figure. On the left-hand
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side, a strong normal passage shock impinging on the trailing edge is present. Its position
shifts upstream as the inlet Mach number reduces and the total-to-static pressure ratio from
inlet to outlet increases, until it merges with the bow shock. This condition corresponds to
the maximum work input of the blades. Continuing towards right, the higher inlet Mach
number pushes the cascade to operate with larger mass flux and lower energy exchange.
The passage shock re-enters into the channel, until it greatly weakens, leaving only the
bow shock as the primary shock structure. Proceeding towards the right-hand-side, the
situation returns back to the high work input, and the passage shock strengthens. The
blade profiles are thus subject to a significant operating point excursion even at near-design
conditions, which justifies the previous sectional optimisation aimed at extending their
operational regime.

Y99 Y9999IIIIIVIVY Y

Q Q Q Q Q
N S Q 2 N\
Qb‘ Qb Q% \"\ N

Figure 14. Instantaneous relative Mach number distribution at 92.5% of blade span.

Downstream of the rotor, the flow field assumes specific features deriving from the
blade response to inlet distortion. In particular, the cascade reacts with a non-uniform work
input, as previously highlighted, which tends to make the circumferential distribution
of total pressure more even. This can be appreciated in Figure 15a, showing the ratio
between the outlet total pressure to the mass flow averaged inlet value. Near the hub, the
fuselage upsweep creates symmetric low total pressure regions, see Figure 11. The outflow
distribution is azimuthally smoother, although the co-swirl and counter-swirl respectively
augments and diminishes the total pressure in the left and right sides of the hub. The
flow in the upper span also has two higher compression lobes, although not in phase with
those below mid span. Flow losses are visualised by means of the entropy loss function
& =1—e¢ (2=mn(1)/R Two main mechanisms appear in Figure 15b. The first one is
related to wake losses. Wakes inside the low inlet total pressure lobes are thicker and more
dissipating, extending in a relevant fraction of the span. The second mechanisms is related
to the tip leakage flow, whose vortex increases from the bottom left corner (blade rotation
is in the counter-clockwise direction in the figures) due to the large operating point shift
near the tip. This second effect is obviously not accounted for in the sectional optimisation,
and it has been analysed more in depth by other authors in the literature [36].
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4. Conclusions

An optimisation strategy for quasi-2D transonic fan blade section optimisation tar-
geting multiple operating conditions in a multi-objective fashion has been presented. The
methodology relies on maximising the efficiency at a fixed inflow relative Mach number
by an adaptive algorithm, and maximising the stall TPR at a lower relative Mach num-
ber, mimicking what happens during the blade rotation in a distorted field of a tail BLI
propulsor installation. The sectional optimisation under different inlet conditions, com-
prising an unchoked passage, partially includes the operation of the profiles with varying
incidence and thus pre-swirl. The algorithm has proven effective in identifying the design
conditions where the inlet Mach number and the TPR must be achieved, reaching good
computational efficiency.

The analysis of Pareto solutions has shown a trend for mild pre-compression ramp
in the leading edge for higher efficiency, with straighter profiles having a more deflected
trailing edge for higher stall pressure ratio. For this second objective, the maximum back-
pressure tolerable by the blade varies for each individual. A future improvement will be
the replacement of the grid search algorithm with a more accurate method, like a bisection,
since the resolution on the stall TPR is limited by the minimum step of the search algorithm,
but a small percentage variation in p,/p! can result in further change of TPR at stall.

With selected optimal airfoils, a preliminary three-dimensional analysis on a transonic
fan operating in a realistic BLI inflow has been conducted. The large excursion of the operating
point of blades during their rotation observed in the URANS simulation corroborates and
justifies the sectional optimisation approach, which considers two relative inlet Mach numbers
and working regimes. Even in the design condition, the blades are subject to a continuously
varying inflow that requires high tolerance to incidence, Mach number and total-to-static
pressure ratio variation, which can be addressed for starting from the blade section design.

For the inlet distribution considered, simplified modelling approaches based on single
passage simulations have also been tested, to explore the possibility of obtaining integral
performance metrics at a reduced computational time. For the specific inflow condition
considered, the circumferentially averaged spanwise distribution of total pressure has been
found to provide a result fairly close to the URANS simulation, in terms of global and radial
variables. This indicates that that axisymmetric inflow profile is representative of the average
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operating condition of the blade passages under distortion. Further investigation is required to
determine whether this outcome can be generalised and its dependency upon the intensity of
the azimuthal gradients on the inflow plane. Nonetheless, it can provide a useful indication for
preliminary estimation of the machine performance in a design exploration study. Similarly,
the combination of results obtained with different spanwise profiles can be further examined,
by merging data with the complete parallel compressor method, which can account for the
combination of total pressure and swirl distortion on the AIP.

Finally, the design of a distortion tolerant fan blade confirms to be a challenging
task when targeting high isentropic efficiency with the necessary stability. The adoption
of advanced numerical methods can help with scanning the design space for optimal
combinations of two-dimensional and three-dimensional blade properties. However, the
large number of variables and the need to tailor the aerodynamic design on specific working
conditions still leaves many open questions that need to be addressed by the scientific and
industrial communities.
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Abbreviations

The following abbreviations are used in this manuscript:

chord

total enthalpy

relative Mach number
meridional coordinate
mass flow rate
pressure

radius

entropy

thickness

design variable

axial coordinate
camberline slope
efficiency

azimuthal coordinate
entropy loss function
work coefficient

D-SWCDQ‘D:;NXWM%‘@ §§§mn

rotational speed

BLI  Boundary Layer Ingestion

CFD Computational Fluid Dynamics
OoP Operating Point

PC Parallel Compressor

TPR  Total Pressure Ratio
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