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Abstract

Aerodynamic Design and Experimental Investigation of Short Nacelles for Future
Turbofan Engines

Thesis for the degree of Licentiate of Engineering in Thermo and Fluid Dynamics
VINICIUS TAVARES SILVA

Department of Mechanics and Maritime Sciences

Division of Fluid Dynamics

Chalmers University of Technology

To achieve a higher propulsive efficiency, and hence reduced fuel burn and emissions,
the next generation turbofan engines are expected to have higher bypass ratios and
lower fan pressure ratios. However, the larger the bypass ratio, the larger becomes
the fan and thus the nacelle. The result is an undesired increase in weight and nacelle
drag. For this reason, advanced nacelle designs with shorter inlets and exhaust
nozzles are necessary, so that the attained performance benefits are not outweighed
by the increased installation drag and weight.

This thesis presents a newly developed methodology for multi-point design of
ultra-short nacelles. An integrated aerodynamic framework, based on parametric
geometry generation and computational fluid dynamics (CFD) flow solutions was
built and used for designing several ultra-short nacelle shapes and to evaluate their
aerodynamic performance. The main design parameters and their influence in the
flow field were investigated for the most critical operating conditions among the flight
mission, such as cruise, high angle-of-attack (AoA) and crosswind. The aerodynamic
performance of the designed nacelles was evaluated through a thrust and drag
bookkeeping approach, and also by means of the distortion levels at the fan face.

Furthermore, this work summarizes the main results obtained in an experimental
aerodynamic investigation of a powered turbofan nacelle, conducted at the Chalmers
low-speed wind tunnel. The impact of the engine angle-of-attack and the mass flow
ratio (MFR) on the nacellle aecrodynamic performance was investigated.

Keywords: Ultra-short nacelles, ultra-high-bypass turbofan, thrust-and-drag
bookkeeping, Computational Fluid Dynamics, experimental, powered nacelle.
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Nomenclature

Dfan
Dscrub
Fn
Fpre

Fan face area

Bernstein polynomial of order n
Class function

Discharge coefficient

Pressure coefficient

Maximum lift coefficient

Total pressure distortion parameter
Configuration drag

Fan cowl drag

Fan diameter

Scrubbing drag

Net propulsive force

Pre-entry force

Binomial coefficients

Length

Mach number

Isentropic Mach number

Maximum Mach number

Average total pressure at 60deg sector
Average total pressure at the fan face
Radius of curvature

Bookkeeping boundary surfaces
Shape function

Standard net thrust

Lip length

Lip height

Bernstein weighting coefficients
Chord

Drag coefficient

Non-dimensional leading edge radius of curvature
Lip control point radial position
Lip control point axial position
Axial unity vector

X1



= [ng,ny,n.] — Normal vector

— Static pressure
— Average dynamic pressure

= [u, v, w] —  Velocity vector

— Cylindrical coordinates

Bie — Nacelle boattail angle
p —  Density
Ty = |Taw, Tay» Tuz] — Axial viscous stress vector
04 —  Droop angle
Subscripts
0 — Captured stream-tube entry station
1 — Inlet entry station
13 — Fan outlet station
18 — DBypass nozzle exhaust station
2 — Fan face station
8 — Core nozzle exhaust station
BN — Bypass nozzle
CC - Core cowl
CN - Core nozzle
FC - Fan cowl
I — Inlet
P — Plug
S —  Spinner
hi — Highlight
max — Position of maximum radius
nozz — Nozzle
te —  Trailing edge
th — Throat
00 —  Freestream
Abbreviations
ACARE - Advisory Concil for Aviation Research and Innovation
AoA — Angle of attack
BC — Boundary conditions
BPR — Bypass ratio
CFD — Computational fluid dynamics
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CST
EDF
FPR
MFR
RANS
SST
UHBP
WS

Class shape transformation
Electric ducted fan

Fan pressure ratio

Mass flow ratio
Reynolds-averaged Navier-Stokes
Shear-stress transport
Ultra-high bypass

Wind speed
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Chapter 1

Introduction

In civil aviation there has been a constant push for reducing fuel burn, noise and
environmental impact. The Advisory Council for Aviation Research and Innovation
in Europe (ACARE) has established ambitious goals in Flightpath 2050, including
reductions of 75% in C'O, emissions, 65% in perceived noise and 90% in NOx emissions,
relative to a typical year-2000 aircraft [1]. To achieve such challenging objectives,
the current aero-engines will need to undergo severe technology modifications. In
order to achieve a higher overall efficiency, it is necessary to enhance the engine’s
thermal and propulsive efficiencies simultaneously. The former can be raised by
improving the performance of the core components, by increasing the burner exit
temperature and the overall pressure ratio. The latter can be achieved by employing
higher bypass ratios (BPR) and lower fan pressure ratios (FPR). Figure 1.1 shows
the evolution of aero-engines efficiencies. It is easily notable that the propulsive
efficiency progresses followed by an increase in BPR.
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Figure 1.1: Evolution of aero-engines efficiency [2].
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The next generation turbofan engines are expected to operate with BPR greater
than 15, referred to as Ultra High Bypass Ratio (UHBP), and FPRs lower than 1.4.
This can be achieved through the geared-turbofan architecture, which features a
gearbox between the fan and the low pressure compressor. In addition, substantial
noise reduction can be obtained with the low FPR and low fan speeds. It can be
seen in Fig. 1.2 that the geared turbofan allows a shift in the minimum fuel burn
and a substantial reduction in noise.

High
Burn
Better D”?S:&;’;ig \Lower noise

N Gearedi
Turbofan™,
Lower fuel burn engmei

tow|

Low Bypass Ratio Fan Diameter High Bypass Ratio

Higher Fan Pressure Ratio Lower Fan Pressure Ratio

Figure 1.2: Fuel burn and noise characteristics of advanced turbofan engines [2].

Nonetheless, such configurations require large fan diameters, which result in
increased nacelle wetted area, and hence, drag. Therefore, advanced nacelle designs,
with shorter inlets and exhaust nozzles, are required so that the gain in propulsive
efficiency is not outweighed by the higher installation drag and weight.

State-of-the-art turbofan engines feature intakes with inlet length over fan diame-
ter ratios (Ly/Dyan) laying between 0.5 and 0.65. However, future aero-engines will
probably have inlets with (L;/Dy,,) substantially below 0.5. As the inlets shorten,
their design becomes substantially more challenging, mainly for low-speed and high
incidence conditions. Since short inlets have reduced internal diffusion capability,
boundary layer separation is likely to occur, leading to poor performance and engine
instability.

1.1 Aim of the Study

The focus of this work is to provide a step further on the design of ultra-short nacelles
for UHBP turbofan engines. This will by achieved through the completion of the
following objectives:

» Establishing a novel methodology for multi-point design of ultra-short nacelles
for UHBP turbofan engines;

o studying the flow field around nacelles under operating conditions considered
to be critical for the engine’s performance and stability;
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o identifying the major design parameters in each of the operating conditions
and how they impact the flow field end engine’s performance;

o designing geometries which provide good performance trade-offs between the
high and low-speed flow conditions, and highlighting important decisions to be
taken during the design procedure.

A secondary goal of this thesis is to present the initial results of an experimental
aerodynamic investigation on a powered nacelle rig, conducted at the Chalmers
low-speed wind tunnel.






Chapter 2

General Aspects of Nacelle Design

2.1 Previous work

The design of high-bypass ratio turbofan nacelles has been subject of research since
the early 60’s. The methods for shaping nacelles can be split into two categories:
parametric and inverse design. The former consists of building the nacelle based on
pre-defined aerodynamic shapes, such as airfoil profiles or splines [3—12]. The latter
consists of adapting the nacelle form for attaining a targeted pressure distribution
[13-16]. As the civil aero-engines get larger, the more crucial it becomes to severely
reduce drag. This can be done either by shortening the inlets and exhaust nozzles
[17-19], by achieving natural or hybrid laminar flow over the nacelles [20-24], or a
combination of both.

Considerable achievements in modern nacelle design were reached over the last
decade. Cristie et al. [25, 26] and Lundbladh et al. [27] have developed new Class
Shape Transformation (CST) based approaches for designing nacelle and intake aero-
lines, and Tajero et al. [28-30] have developed CST based methods for 3D nacelles
shape multi-objective optimization. Furthermore, CST curves were also widely used
for exhaust nozzles design and optimization [31-33]. However, so far, the presented
CST methodologies were employed either to design 2D asymmetric nacelle shapes, or
to design 3D shapes considering only flight conditions under the cruise segment, and
thus neglecting other critical conditions within the flight envelope. Therefore, the
CST method capability was not yet explored for designing 3D asymmetric geometries
capable of performing well under the most critical flight conditions. Besides, the
CST method was not yet applied to the design of ultra-short nacelles, with L;/D g,
below 0.4.

Peters et al. [17] have presented a spline-based framework for designing nacelles
with ultra-short inlets and assessed the performance of different short inlet candidates
compared to a standard length baseline. Rainer Schnell et al. [18] presented coupled
fan-intake design methodology for potential application to ultra-short intakes for
UHBP engines.

Extensive research has been conducted on nacelles subjected to crosswinds [34-37].
Although some studies considering crosswind effects on short inlets exist [17-19],
not much has been explored on how crosswind can impact the design of ultra-short

7



8 2.2.  Aerodynamic design considerations

nacelles. Furthermore, the design of nacelles with ultra-short inlets remains an
under-exploited area, since not much can be found in the literature besides the work
presented in [17, 18].

This thesis is built on the aforementioned research, providing a novel CST based
methodology for multi-point design of ultra-short nacelles. The design procedure
consider 3D effects of both asymmetric geometries and asymmetric flow field under
the most critical conditions that are expected to occur for a given aircraft mission,
such as cruise, high angle-of-attack and crosswind. Moreover, a step further is
achieved on this under-exploited area, which is the design of ultra-short nacelles,
by a thorough assessment of the impact of the major design parameters on the flow
field for the selected operating conditions.

2.2 Aerodynamic design considerations

The design of a turbofan nacelle requires several compromises, since the optimum
shape will be different for different operating conditions within the flight envelope
[38, 39]. Figure 2.1 shows a schematic representation of the flow field under different
operating conditions and some possible flow phenomena that might occur.

Shocks can forminthe _____,
fan cowl and inlet throat

,,,,,,,
Q\)
Ay A,| Freestream Api <
@ Windward —> Stagnation
i oint

Strong Sraghation CRUISE P ] '

crosswind poin _—ﬁt_
Lip acceleration —> ( Captured

i streamtube

/
SHOCK™ Separation

zone

Captured <

streamtube )Y N = w=-t---- <
j Separation

SHOCK zone
N

CROSSWIND Lip acceleration —~ (

Lower
stagnation point

Figure 2.1: Schematic representation of the flow field for different operating
conditions: cruise, crosswind and high incidence.

For cruise the focus should be minimizing drag, therefore, the supersonic velocities
at the fan cowling should be limited and shock waves should be avoided when possible,
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since they are accompanied by significant increase in wave drag. Internally in the
inlet, shock waves can also be formed, causing excessive boundary layer thickening
and increased loss in intake pressure recovery 7;. In the most severe cases, shock-
induced separation can occur and thus the throat area should be selected to avoid
the occurrence of such shocks [38-40)].

A reference aerodynamic parameter for the inlet is the mass flow ratio M F'R,
which is defined as the the ratio between the streamtube captured area Ay and the
highlight area Ap;. Typical values of MFR will vary between 0.7 and 0.8 for cruise.
At low-speeds, the MFR will be larger than one and the highest velocities will occur
internally in the inlet. Particularly at high incidence, the lower stagnation point will
be somewhere outside the lip and thus the flow need to accelerate around the lip,
which results in strong shocks downstream of the highlight position. This frequently
results in shock induced separation. For crosswind the MFR is the greatest and
the windward stagnation point is now located somewhere in the fan cowling. This
requires the flow to be severely deflected in order to enter the inlet duct. Two types
of separation can occur for this case: the first happens for low-speeds and is primarily
driven by excessive diffusion, starting near the highlight position; the second takes
place for high fan speeds and high inlet mass flows, when a shock wave is formed
internally in the windward lip and the strong adverse pressure gradient causes the
flow to separate.

The conflicting requirements existing for different flight conditions result in a
asymmetric nacelle shape. The inlet is thus thinner on its top part to avoid excessive
wave drag, whilst its lower part is thicker and rounder, to prevent high-incidence
separation and to alleviate distortion.

Excessive drag can result from the bypass jet and the external streams interaction.
If the nozzle is choked, the exhaust pressure will be higher than the ambient pressure
and strong adverse pressure gradients can develop in the fan cowl, which can generate
a small separation region and increase drag substantially. The drag developed by
the rear part of the fan cowl is termed boat tail drag and a proper boat tail angle
Bie should be selected to minimize it.






Chapter 3

Methods

3.1 Geometry (Generation

3.1.1 Class Shape Transformation Method

Class Shape Transformation (CST) curves were used to generate the nacelle geome-
tries presented in this work. The CST method [41, 42] consists of a robust and
versatile approach for parametric representation of aerodynamic shapes, which allows
the construction of smooth and complex geometries with not many design variables.
The CST method has recently been applied to the design of nacelles for modern
turbofan engines [25, 43-45]. It can be mathematically represented by the product
of a class function C(¢) and a shape function S(v)), as follows:

§(W) =5 W) C(¥) +PA&e, (3.1)

where £ = r/c, v = x/c and the term A&, modifies the trailing edge’s radial
coordinate.
The class function, which determines the basic profile, is defined as

C )=y (1—y)". (3.2)

The exponents N; and Ny in Eq. (3.2) are used to define the class of the geometric
shape. For a round nose and a sharp trailing edge, N; = 0.5 and Ny = 1.
The shape function is used to transform the class function and can be represented
by a nth order Bernstein polynomial, defined as

BP, () = [Kip- (v (1= )" )], (3.3)
i=0
where K, are the binomial coefficients
n!
Kip=———. 3.4
o al(n—a)! (3:4)

The shape function final form is then attained by multiplying Eq.(3.3) by weighting
coefficients, bp;

11



12 3.1. Geometry Generation

n

S@W) =3 [bpi - Kig- (07 (1=9)"")] . (3.5)
i=0
The first weighting coefficient, bpg, is directly related to the highlight radius of
curvature, Ry, by the relation

2R,
bpo = iy (3.6)

C

The last weighting coefficient bp,, is related to the bottail angle added to a term to
modify the trailing edge’s radial coordinate, as follows

Agte
p .

bpn = tan (Bi) + (3.7)

To calculate the remaining weighting coefficients and hence to fully define (1), a
set of constraints must be defined, which can be either control points or derivatives.
Once these constraints are specified, a (n — 1) by (n — 1) linear set of equations is
formed from Eq. (3.1) and its derivatives £(¢0)" and £(v)”. After solving the system,
the CST curves are determined.

3.1.2 Parametric Geometry Representation

A 2D nacelle geometry can be fully defined by joining six different CST curves,
representing the inlet, fan cowl, bypass and core nozzle outer parts, core cowl, core
nozzle and plug. This section provides a brief description on how the CST curves
are parametrized.

The main parameters for the inlet and fan cowl geometric representation are
depicted in Figure 3.1.

Core cowl

Core nozzle Plug

Figure 3.1: Fan cowl and inlet main geometric parameters.

The fan cowl is defined by a 4th order Bernstein polynomial. As mentioned
previously, Ry, B are set as inputs to directly calculate the first and last weighting
coefficients. Moreover, constraints are set on the first derivative of the point of
maximum radius r,,.,; and on the second derivative at the trailing edge, both being
equal to zero. Similar constraints are defined for the inlet, with the only difference
that the point with first derivative equal to zero is set on the throat position. The
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class function coefficients N7 and N, were respectively set as 0.5 and 1.0 for both
the fan cowl and inlet. Figure 3.2 shows the constraints employed to the inlet and
fan cowl. The control points are highlighted in red.

/C—\df_dﬁ

Re] N\ AT
dz @=tan(ﬁte)
T'th—)_=0 dzf
i ="

Y

Figure 3.2: Constraints definition for the inlet and fan cowl.

The main input design parameters for the fan cowl and inlet are described in
Table 3.1.

Both the bypass and core nozzles are constructed by gathering 2 different CST
curves, which define the nozzles’ inner and outer parts. The main geometric parame-
ters for representing the bypass nozzle are depicted in Figure 3.3. The parametrization
of the core nozzle is analogue to the bypass nozzle and thus will not be described
here. The shape function which defines the outer part of the bypass nozzle was set
to be a 6th order Bernstein polynomial, whilst for the inner part (core cowl) a 7th
order function was selected.

Y B

Control points 1h1 H Y;}Exit (throat)
| 1 "% Plane .

s u— E

Lmax,cc

Figure 3.3: Bypass nozzle main geometric parameters.

As it can be seen in Fig. 3.4, the first and second derivatives are constrained to
zero at the initial axial position. Furthermore, a second derivative equal to zero is
set at the end of the CST curves, together with the boattail angle 5. For the core
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3.1.

Geometry Generation

Table 3.1: Fan cowl and inlet design parameters

Parameter Description
L;/Dgap Inlet length to fan diameter ratio
il T Contraction ratio
a/b Lip aspect ratio
Thi | Tmaz Highlight radius to maximum radius ratio
Tmaz /T fan Maximum radius to fan radius ratio

fmaz = xmax/LFC’

Axial position of maximum diameter

fl — Rlefma:vLFC
€ (Tmazf'rhi)

Non-dimensional leading-edge radius of curvature

ﬁte

Nacelle boattail angle

edroop

Inlet droop

cowl, the first derivative is defined to be zero a the point of maximum radius 7,4z cc-
The class function coefficients were chosen as N; = 0 and Ny = 1 for both the inner
and outer parts of the nozzles. The main input design parameters for the bypass
nozzle are described in Table 3.2.

aé
\ E— tan(ﬁ)
= e d2§

Control points

B

/
a _

d%&
ap " ayp?°

/

ay?

rmax ,€C

-

as

-

¥

Figure 3.4: Constraints definition for the bypass nozzle.

3.1.3 3D Geometry Generation

A full 3D nacelle geometric representation is shown in Fig. 3.5. Two dimensional
parametrizations are performed for the locations of ¢ = 0°, ¢ = 90° and ¢ =



Chapter 3. Methods

15

Table 3.2: Bypass nozzle main design parameters

Parameter Description
Luozz/ D fan Bypass duct length to fan diameter ratio
hi/hs Nozzle area ratio

Tma:r,cc/rfan

Maximum core cowl radius to fan diameter ratio

Bee Core cowl trailing edge angle
Lee/Dgan Core cowl length to fan diameter ratio
Jmazce Axial position of maximum radius in the core cowl
Jrmaw,coe Relative axial position of a given control point
Jmaz.cpr Relative radial position of a given control point

1807, referred to as crown, maximum half-breadth (MHB) and keel, where ¢ is the
azimuth angle in a cylindrical coordinate system. In order to obtain a 3D nacelle
shape, sinusoidal interpolations in r (radial coordinate) and z (axial coordinate) are
performed circumferentially between the crown, MHB and keel. The second nacelle
half (180° < ¢ < 0°) is geometrically symmetric to the first one.

Lower
Parametrization (keel)

Upper parametrization (crown)

Side parametrization
(MHB)

Figure 3.5: Nacelle 3D geometry definition.
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The aforementioned locations were strategically selected to allow geometric
control where the local flow effects are expected to be critical. At the crown, the
highest supersonic speeds are encountered and thus the strongest shocks are formed.
Furthermore, the keel and MHB geometries play a fundamental role in preventing
flow separation at high angle of attack and crosswind conditions.

An important feature existent in modern turbofan engines is a droop to align
the inlet with the wing upwash at cruise [46-48]. A modification was applied to the
CST parametrization in order to droop the nacelle inlet over a specified angle 0g0p-
The crown and keel highlight positions are rotated around a pivoting point located
at the intersection between the fan face plane and the engine centerline. A shape
deformation function is then applied to the original CST curves so that the fan cowl
and inlet shapes are stretched to the new drooped highlight position, proportional
to a quadratic function of the axial distance from the pivoting point. The drooping
procedure is illustrated in in Fig. 3.6.

<C — NON-DROOPED INLET

— — — DROOPED INLET

PIVOTING POINT

R R - .&K ......................................... -
A= CENTERLINE
0, !

Figure 3.6: Drooped inlet representation.

Particularly for ultra-short nacelles (Ljnet/Dfan < 0.4), the internal lip curvature
has shown to have a strong impact on flow separation when the inlet was subjected
to either high-incidence or strong crosswinds. Therefore, o allow further control on
the lip curvature, a control point was added between the highlight and the throat,
for the keel and MHB positions.

3.2 Numerical Approach

After generating the nacelle shape, the commercial software ANSYS ICEM CFD® is
used to automatically generate a multiblock fully structured mesh. The computational
domain is defined between the nacelle and a cylindrical far-field, with length and
diameter equal to 50 times the fan diameter. The height of the wall adjacent cells was
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set so that y* < 1, for the cruise condition, in order to solve the viscous sub-layer.
An example of an ultra-short nacelle 3D mesh is shown in Fig. 3.7.

Figure 3.7: Ultra-short nacelle 3D mesh.

The commercially available software ANSYS FLUENT® was used to perform the
computational fluid dynamics (CFD) simulations and solve the flow field around the
designed nacelle geometries. The computations were performed for the Reynolds-
Averaged Navier-Stokes (RANS) equations, using the pressure-based solver, coupled
with the k — w shear stress transport (SST) turbulence model. The pressure-velocity
coupled algorithm was used. The least squares cell based method was used for
computation of the flow field gradients and a second order upwind scheme was
employed to interpolate the convection terms along with the specific dissipation rate
and the turbulent kinetic energy.

To fulfill the entire nacelle design procedure, both 2D axisymmetric and 3D CFD
simulations are necessary. However, this work will focus on the 3D computations,
since the 2D simulations are merely used as a tool to achieve a preliminary nacelle
shape with low computational cost. The 3D simulations start from the obtained 2D
axisymmetric design.

Figures 3.8a and 3.8b show a schematic representation for the CFD domain and
boundary conditions (BC) employed for the 3D simulations. A pressure outlet BC
was set at the fan face, where the static pressure profile and the backflow total
temperature were specified. A mass flow target was set to the fan face, allowing
the static pressure to vary, in order to assure continuity of mass between the fan
and nozzles. Mass flow inlet BCs are specified at the fan and low pressure turbine
(LPT) outlets, where mass flow and total temperature are specified. For simulating
crosswind operating conditions, the external far-field surface had to be split in 2, as
it can be seen in Fig. 3.8b. The windward half was modeled using a pressure-inlet
BC, where total pressure and total temperature are specified, whilst the leeward
half was set to be a pressure-outlet BC, where static pressure and backflow total
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temperature were imposed. For all the remaining cases in the cylindrical outer
boundary a pressure-far-field BC was utilized, where freestream static pressure, static
temperature, Mach number and flow direction were specified.

~ Pressure outlet (P, Ty)

Mass flow
Mass flow Inlet (1. T
Pressure inlet (m, To) Pressure nlet (m, To)
outlet (P, Ty) Outlet (P, Ty)
Farfield BC
(T,P,Ma)
Freestream ~ ﬁ
Angle of attack y :
""" | X Crosswind | X

Pressure inlet
(Po,To)

Figure 3.8: Boundary conditions and CFD domain schematic representation.

N
(a) (b)

3.2.1 Fan Face Boundary Condition

This section describes a method developed to calculate the pressure profile at
the fan face, based on the parallel compressor theory. First, the parallel compressor
theory will be briefly described and lastly the developed method will be presented.

The parallel compressor theory consists of a method for modeling the effects
of inlet flow distortion, describing the effect of pressure or temperature distortion
on both the engine stability and performance [49-51]. In its classical form, the
compressor is modeled as two different sectors with different, but uniform, total
pressures. The performance of these sectors is represented by mass flow scaled
versions of the standard map. Both the compressors discharge to the same static
pressure. Therefore, the spoiled compressor, with lower inlet total pressure, will have
to operate with a higher pressure ratio, whilst in the clean sector the opposite occurs.
Figure 3.9 illustrates the concept, for a spoiled sector of 60 deg.

The aforementioned concept was adapted for CFD applications and used to
compute the static pressure profile at the fan face. First, correlations between
pressure ratio, efficiency and corrected mass flow are obtained from a typical fan
speed line, by linearizing around the engine operating point. The correlations are then
used to compute the stagnation pressure and temperature at an imaginary discharge
plane, with the same static pressure as the fan exit station. The incoming flow field,
computed from the current iteration, is used to do so. Lastly, with knowledge of the
pressure ratio and the outlet total pressure, the inlet static and total pressures can
be obtained. This procedure is repeated for all the grid points at the fan face.
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Spoiled sector:
Lower total pressure
Higher pressure ratio

U —
Aerodynamic
Interface —-— Céorr?mo?
Xnaus
Plane AIP

300° \

Discharge plane with
Clean sector constant static pressure

Figure 3.9: Parallel compressor model (Adapted from [51]).

3.3 Aerodynamic Performance Metrics

3.3.1 Thrust and Drag Bookkeeping

A near-field bookkeeping method was used to calculate the net propulsive force,
thrust and drag, and assess the nacelle aerodynamic performance at cruise. The
boundary surfaces used in the method are depicted in Fig. 3.10. The near-field net
propulsive force Fy can be determined from application of the axial momentum
balance to a closed surface surrounding nacelle S, [52-56], as shown in Eq. (3.8).

Fyv=— [ |p(u=u) (Vi) + (p = poc) no — (% - )] dS
e (3.8)
- (f-#) ds,
S’nac
where f, following Destarac’s [54] notation, is defined as:
F= —=pu—ux) (Vi) = (0= poo) i+ (7 ) . (3.9)

The net propulsive force is defined as the difference between thrust and config-
uration drag, D.. Therefore, upon choosing one definition for thrust, D. can be
determined. The most commonly utilized definition in bookkeeping systems is the
standard net thrust, Ty [52-54, 57].

Classical methods [57, 58] use the inlet entry and nozzles exit surfaces (S, Sis and
Sg) to compute Ty, nevertheless, for CED applications, it is desired to select locations
where the grid is well defined, aiming to avoid interpolation errors. Therefore, the
surfaces Sy, S9, Sg, SN, Sco, Si3, Scn, Se and Sp will be used to define Ty. The
conservation of momentum applied to the captured and post-exit streamtubes leads
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Figure 3.10: Nacelle bookkeeping surfaces.

to the following equation [52, 54]

Mzékﬂﬁ@+@ﬂWM—@ﬁWﬁ

. (3.10)
_/S'out [pu (Vﬁ> + (p_pOO)nx - (7_—; ﬁ)} dSy

where S,,; includes all the surfaces wetted by the exhaust jets. Note that the standard
net thrust as presented in Eq. (3.10) is also referred to as "modified standard net
thrust" [57], since the forces acting on the external core cowl and plug surfaces are
included on it. The configuration drag can then be written as

D.=Fy—Ty. (3.11)
The fan cowl drag Dpe can be defined as

Dre = /S 0= pene = (7 ) dS = (D, + Dy, (3.12)

where D, is the skin pressure drag, D the skin friction drag and Sp¢ is the fan cowl
surface.
The pre-entry force F,. is defined as

Fye= [ [pu(V-7) + (0= pu)n. — (7 -)] dS. (3.13)

where S;, is comprised of all the inlet surfaces wetted by captured streamtube.
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The scrubbing drag Dg.. is the skin drag of the internal engine surfaces Sserup,
as follows

Dscru: — Po ) Nz — Fxﬁ dsS
o= [ = pe)ne— (7o) -

= (Dy+ Dy)s._, -

Ssc'rub

Moreover, Eq. (3.8) can be written as follows

= Joaisn ) 45

_ o 3.15
= (Dp+ Dp)gye + [ (f-#) ds (3.15)
= (Dp + Df)SFC + Fpre — Ty,
finally, the configuration drag becomes
De = (Dp+ Dy) g, + Fpre (3.16)
= (Dp + Df)sskzn - (Dp + Df)ssc'rub + Fpre :

where S, is comprised of all skin surfaces wetted by the air passing through and
outside of the nacelle. Moreover, the drag coefficient, C'p, can be defined by using
the fan face area Ay,, as reference, as follows

D.

= — 3.17
0.5000 V2 Afan ( )

Cd

3.3.2 Inlet and Exhaust Nozzles Performance

For the inlet, the aerodynamic performance was assessed by the means of the mass
flow ratio M FR, total pressure distortion coefficient DCg, and intake pressure
recovery 71;. The MFR, consists of an aerodynamic reference parameter for the inlet
and it is defined as the the ratio of the stream-tube captured area, Ay, and the
highlight area, Ay;, as follows

Ao
Api

The DCyy coefficient is a standard parameter used to assess the distortion level,
which can be defined as

MFR = (3.18)

Fﬂ,fan - FO,ﬁO
q

where Py s, and g are the are averaged total and dynamic pressures at the fan
face, and FO,ﬁO is the area averaged total pressure at the most distorted 60 deg
circumferential sector at the fan face. The intake pressure recovery 7; is a measure of
how much of the free-stream total pressure is retained after the flow passed through
the inlet. It can be defined as follows

DCqgo = , (3.19)
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o FO,fan

"= (3.20)

where P, is the free-stream stagnation pressure.

The performance of the bypass and core nozzles can be expressed through the
discharge and thrust coefficients, referred to as Cp and Cr respectively. The nozzle
performance coefficients are defined as described in [59]. The discharge coefficient
of a nozzle can be defined as the ratio of the actual mass flow passing through its
throat area to the ideal isentropic mass flow for the same area. The ideal mass flow,
m;, can be obtained from the isentropic relations for an ideal gas

= () 5 (1- ()7 321

where the nozzle pressure ratio, A, is defined as

_ PO/Pamln lf PO/Pamb < PRcm't
A= { PRcm'ty lf PO/Pamb Z PRcrit- <322)
and the critical pressure ratio, PR, as
41\ 7T

The core and bypass discharge coefficients, can then be respectively written as

7/‘ncore
CDcore =~ Y (324)
My core
mbypass
CDbypass -~ ) (325)
My bypass

where 1Mcore and 1yypess are the actual mass flows in the core and bypass nozzles.
The overall thrust coefficient is defined as the ratio of the actual gross thrust
Tyross and the sum of the ideal core and bypass nozzle thrusts. The ideal thrust is
defined as the product of the actual mass flow and the ideal velocity V;, resulting
from an isentropic expansion to the ambient pressure. The ideal isentropic velocity,

V;, is defined as
2% RT, < 1 >_
Vi= |20 - 3.26
G-1) ( Pl P (320

and hence Cr can be expressed as

T TOSS
Cr= g , (3.27)

mbypass‘/i bypass + mcore‘/; core
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where the gross thrust produced by the nozzles can be obtained from the integration
of momentum flux, static pressure, and shear stress across all the nozzle internal
surfaces Sy

Lyos== [ [pu(V-5) + 0 -p)no— (%)) dS.  (328)

The internal nozzle surfaces, used for the integration of T,,s, are depicted in Fig.
3.11.

Acore
$—Zthroat

Figure 3.11: Nozzle internal surfaces for computation of Toss-

3.4 Design Procedure

The methods described above were coupled together to form an integrated aerody-
namic design framework, comprised of engine cycle calculations, parametric nacelle
shape definition, automatic fully structured multi-block mesh generation, 3D RANS
CFD computations and aerodynamic performance evaluation. Figure 3.12 presents
the flowchart of the overall nacelle design procedure, which can be applied for both
conventional length and ultra-short nacelles.

The design procedure starts with the engine design point (DP) cycle calculations
for the engine whose nacelle will be designed. After, the operating point of interest
is defined and, in case it consists of an off-design operating condition, the off-design
point (ODP) cycle calculation is carried out. The commercial software GASTURB®
is used to fulfill this first step. Next, the DP output data is used together with the
geometry input parameters to shape the nacelle using an in-house MATLAB® code,
based on the CST method. Then, the multiblock structured mesh is automatically
generated and the 3D RANS CFD computations are performed. The operating
point cycle data are used to define the boundary conditions, together with the
parallel compressor theory, described in section 3.2.1. The nacelle’s aerodynamic
performance is then evaluated through thrust and drag bookkeeping, plus the
performance metrics described in 3.3.2. In case the established design criteria are
not met, new geometric input parameters must be defined and the process should be



24

3.4.

Design Procedure
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Figure 3.12: Flowchart of the design procedure.
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reiterated for the particular operating condition until until the desired performance
is achieved. Afterwards, CFD simulations should be performed for all the remaining
selected operating conditions. In case the design criteria are not met for some
operating condition, new geometric input parameters shall be defined and the process
should be reiterated, initially for the current operating point, and lastly for the
remaining operating conditions.

This process can be laborious and time demanding, specially due to the high
computational time necessary to fulfill all the steps. It is therefore of paramount
importance for the designer to have a deep understanding on the flow field behavior
and on which parameters play a major role on the nacelle’s aerodynamic performance,
so that the number of iterations can be minimized.

3.4.1 Operating Conditions

In the early design stage it is not practical to consider all the segments existent in
the aircraft mission, due to the high computational costs of 3D CFD simulations.
Therefore, only operating conditions considered to be critical were used in this work.
The operating conditions shown in Table 3.3, obtained from [17], were used for
fulfilling the suggested design approach. The next paragraphs provide a discussion
on the motivations behind their choice.

Table 3.3: Operating conditions for the design of nacelles

Condition Ma  Altitude (m) AoA (deg)
Cruise 0.8 10668 5
Wing C;, . 0.25 4267.2 29
Take-off rotation  0.25 0 17
Crosswind 0.0442 0 0

At cruise, the main goal is to minimize drag, therefore shock-waves shall be
avoided when possible and the Ma,,,, should be limited. The engine is usually
subjected to a local angle of attack AoA approximately equal to 5 deg, caused by the
combination of the wing up-wash and the aircraft AoA. Under the wing maximum
lift coefficient C,, . condition, the aircraft is subjected to the largest angle of attack
which is allowed in flight. Although it is not typically encountered in the flight
mission, it is important for the certification procedure [17]. In this case, the main
concerns are internal inlet separation and distortion levels at the fan entry. The
take-off (TO) rotation condition occurs at the end-of-runway, when the aircraft nose
is pitching up. Inlet separation and high distortion are also the major problems, since
the engine is subjected to relatively high incidence. Aircraft certification requires safe
and stable operation at takeoff and landing under a 90-degree cross component of
wind velocity. When subjected to crosswind, inlet flow separation can occur, leading
to high levels of distortion and possibly to fan surge.






Chapter 4

Experimental Investigation:
Nacelle Test Rig

Extensive experimental aerodynamic investigations on nacelles are available in the
literature. Flow through nacelles are studied in [60-62], whilst powered nacelles are
investigated in [63, 64]. Nonetheless, not enough attention has been given to powered
nacelles and, besides, the studies presented are outdated, with nacelle geometries not
representative of modern engines and out-of-date measurement techniques. Therefore,
there is a need for further aerodynamic investigations of powered-on nacelles with
shorter inlets, representative of state-of-the-art and future aero-engines. This chapter
presents a powered nacelle test rig designed and built at Chalmers and the first
experimental campaign carried out in the Chalmers low-speed wind tunnel. First,
the mechanical design of the rig is described and last the preliminary results of the
experimental investigation are discussed.

4.1 Rig Description

An axisymmetric nacelle shape was built and mounted around an electric ducted fan
(EDF) so that the effects of inlet—fan coupling could be assessed. Figure 4.1 shows
the CAD mechanical assembly of the rig. The parts comprising the outer part of
the nacelle (lip, midbody upper and lower parts, and afterbody) were assembled
together and mounted on the top of two load cells, in order to measure the resultant
force. The remaining parts (inlet, nozzle and core cowl) were connected to the EDF,
which attached to the strut by means of a fork. This assembly allows the outer
nacelle to float in the engine centerline direction, since there is no direct mechanical
connection with the fan, and thus the aerodynamic force can be captured by the
load cells. Moreover, the split of the inlet and lip was performed in such a way to
allow easiness of geometry replacement, so that different geometries cold be tested
without need of modifying the rear part of the rig.

The nacelle rig mounted in the wind tunnel is shown in Fig. 4.2. The rig was
mounted on the top of a rotary table so that the nacelle could be rotated laterally,
allowing variation of angle of attack. The inlet, lip, core cowl and fairing were 3D
printed in plastic, whilst the remaining parts were made out of aluminum.
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4.1. Rig Description

Midbody - upper part
Core Cowl

Ve

Lip Afterbody

=5 Fairing

Midbody — lower part

(a)

Afterbody

Load Cells  Strut

(b)

Figure 4.1: Rig assembly.

Figure 4.2: Nacelle rig mounted in the wind tunnel.
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4.2 Preliminary Results

The wind tunnel tests were carried out for different AoAs, wind tunnel speeds (WS)
and fan rotational speeds. The wind tunnel mapping is shown in Fig. 4.3, where
the AoA is varied form 0 to 20 deg and the WS ranges from 10 to 20 m/s. The fan
power input request was kept constant, therefore, the rotational speed varied slightly
for different cases. The average rotational speed was equal to 7817 rpm. The wind
tunnel Reynolds numbers ranged from 2.96 x 10° to 1.48 x 106.
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Figure 4.3: Wind tunnel mapping: wind speed versus angle of attack.

The results obtained from the load cells measurements are depicted in Figure
4.4. Note that the force measured here cannot be called drag, because it includes a
‘potential flow buoyancy’ term, which is the integrated pressure force in potential
flow [57]. Moreover, the rig assembly made necessary a 2 mm gap between the
lip and the inlet, and thus pressure forces act internally in the outer part of the
nacelle. Therefore, a proper drag measurement would require correction for this
pressure forces built internally and the implementation of a proper thrust and
drag bookkeeping accounting. However, due to the preliminary nature of the first
experimental campaign, not enough data is available to do so. It can be observed
that the measured force is sometimes negative (points forward) for low WSs. This
occurs due to a combination between the mentioned internal pressure forces and the
lip suction effect. The latter is caused by an acceleration in the lip throat region, and
hence reduction in static pressure. The static pressure acting in the outer part of the
nacelle is roughly close to the ambient pressure and thus, the difference between the
fan cowl pressure and the internal lip pressure results in a forward force contribution.
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The measured force follows similar patterns for the WS varying from 10 to 40 m/s,
however, an unusual behavior is observed in the 50 m/s case. This suggests that
there might be some internal mechanical interference between the outer nacelle and
the fan.
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Figure 4.4: Measured force versus angle of attack for different wind tunnel speeds.
The power input request was set as 80% of the maximum power.

A second set of measurements were obtained by keeping the AoA and wind tunnel
speeds constant and by varying the fan power input request, and thus the rotational
speed. The MFR versus the outer nacelle force is plotted in Fig. 4.5 for AoA=0 deg,
WS=10 m/s and power input requests ranging from 40 to 100% of the maximum
power. The MFR could be estimated placing a pressure tap just upstream of the
fan face, on the inlet surface. By assuming a inlet total pressure loss, the average
Mach number on the fan face could be calculated and, therefore, the mass flow and
the captured stream-tube area. It can be observed that the measured force increases
with the MFR, and this is likely to be caused by an increased pre-entry force F,.,
due to an higher captured stream-tube momentum flux.

To assess the influence of the fan on the nacelle flow-field, surface tufts were
placed on the leeward side of the fan cowl and on the windward side of the internal
lip, where separation is more likely to occur. Figure 4.6 shows the flow visualization
results for AoA=10 deg, WS=30 m/s. On the top pictures, the fan was off, whilst
in the bottom ones the fan rotational speed was equal to 7750 RPM. A separation
bubble could be observed when the fan was off, however when the fan was turned
on, the boundary layer was re-energized and the flow reattached. This, as expected,
is an indication that the fan can strongly influence the nacelle internal and external
flow, and it justifies the construction of a powered nacelle rig instead of a simpler
flow-through nacelle one.
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Figure 4.5: Variation of the measured force with mass flow ratio for AoA=0 deg,
WS=10 m/s.

Separated

Figure 4.6: Flow visualization for AoA=10 deg and wind speed=30 m/s. The top
figures show the results obtained when the fan was off. On the bottom figures, the
fan rotational speed was equal to 7750 RPM. The surface tufts were attached to
the leeward part of the fan cowling and to the windward part of the internal lip.






Chapter 5

Summary of Papers

5.1 Paper A

V. T. Silva, A. Lundbladh, C. Xisto, O. Petit, 2020, "Multi-point aerodynamic design
of ultra-short nacelles for ultra-high bypass turbofan engines". To be submitted to a
scientific journal

5.1.1 Division of work

I, as the main author, developed the integrated design framework used to construct the
nacelle geometries presented in this paper. Moreover all the methods here presented
were implemented by myself and all the meshing and the CFD simulations were done
by me. Anders Lundbladh have contributed with key ideas for the development of
this work, such as boundary conditions, thrust and drag bookkeeping and geometry
generation methods. Among his suggestions, the idea to use the parallel compressor
theory to derive the static pressure profile at the fan face stands out. Carlos Xisto
and Olivier Petit supervised the work and provided useful feedback to improve the
article.

5.1.2 Summary and Discussion

This paper presents a new methodology for multi-point aerodynamic design of ultra-
short nacelles for ultra-high-bypass turbofan engines. The major design parameters
are identified and their influence in the flowfield is discussed in detail for the selected
operating conditions. The developed tools have proven to be suitable for designing
ultra-short nacelles capable of performing well under the most critical flight conditions,
such as high angle of attach, cruise and crosswind. Crosswind was found to be the most
impacting condition in the design procedure, requiring a severe shape modification
to meet the design criteria. Furthermore, a significant increase in drag was the result
of designing a separation-free inlet at the crosswind condition.
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Chapter 6

Concluding Remarks

The main goal of this thesis was to provide a step further on the design of ultra-short
nacelles for ultra-high bypass turbofan engines. A novel methodology for performing
multi-point design of ultra-short nacelles was presented and several test cases were
defined to assess the impact of the major design parameters in the flow field. The
developed tools have proven to be suitable for designing ultra-short nacelles capable
of performing well under the most critical operating conditions, which were cruise,
crosswind and high angle-of-attack. Crosswind has shown to be the most impacting
condition in the design procedure, requiring a severe shape modification to meet the
design criteria. Furthermore, a significant increase in drag was the result of designing
a separation-free inlet at the crosswind condition.

A secondary goal was to present the results of an experimental aerodynamic
investigation on a powered nacelle carried out at the Chalmers low speed wind tunnel.
The test rig assembly was described in summary and the preliminary results from
the first test campaign were discussed. The experimental research works as a first
step towards more advanced configurations and measurement techniques.

6.1 Future Work

Future work should focus on evaluating more integrated geometries, including pylons,
wings and fuselage, thus allowing to assess how the interference effects impact
the design of ultra-short nacelles. Moreover, innovative configurations shall also
be studied, possibly employing boundary layer ingestion and engines more closely
coupled to the fuselage.
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