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Multipoint Aerodynamic Design of Ultra-short Nacelles for
Ultra-high Bypass Engines
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This paper presents a newly developed methodology for multipoint aerodynamic design
of ultra-short nacelles for ultra-high bypass ratio turbofan engines. An integrated aero-
dynamic framework, based on parametric geometry generation and flow field solution via
three-dimensional Reynolds-Averaged Navier-Stokes equations, was built and used for design-
ing several ultra-short nacelle shapes and to evaluate their aerodynamic performance. An
approach for estimating the static pressure distribution at the fan face, based on the parallel
compressor theory, is presented and validated. A design strategy is introduced and various test
cases are evaluated under the following critical operating conditions: mid-cruise, low speed/
high angle of attack, and pure crosswind. The major design parameters are highlighted and
their influence in the flow field is discussed in detail for all the chosen flight conditions. Perfor-
mance was evaluated by assessing inlet flow distortion and by bookkeeping of thrust and drag.
The framework has proven to be suitable for designing high performance nacelles capable of
operating under critical flight conditions, without flow separation or high levels of distortion.
Drooping the inlet by 4 degrees is shown to reduce the drag at cruise by 1.9%, which also has
a large beneficial impact on internal lip separation at high incidence conditions. Furthermore,
crosswind was identified as the most severe of the conditions, requiring a drastic reshaping
of the nacelle to avoid internal lip separation. Two final nacelle designs were compared: the
first allowing inlet separation under a 90-degree crosswind condition, whilst the second was

reshaped to be separation-free under all operating conditions. Reshaping to avoid separation
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has increased drag by 5.1% at cruise.

Nomenclature
Roman Letters
Afan = Fan face area
a = Lip length
BP, = Bernstein polynomial of order n
b = Lip height
bpi = Bernstein weighing coefficients
cp = Specific heat for constant pressure
Cy = Specific heat for constant volume
C¥) = Class function
Cp = Drag coefficient
Cloar = Maximum lift coefficient
Cp = Pressure coefficient
c = Chord
DCgo = Total pressure distortion parameter
D, = Configuration drag
bpc = Fan cowl force
dfan = Fan diameter
e = Specific internal energy
E = Total energy
Dscrub = Scrubbing force
Fn = Net propulsive force
Fpre = Pre-entry force
Jepr = Lip control point radial position
Jepx = Lip control point axial position
fie = Non-dimensional leading edge radius of curvature
F = Blending factor in the kK — w SST model
h = equivalent mesh size
H = Total enthalpy
k = Turbulence kinetic energy



K, = Binomial coeflicients

K = Constant in the kK — w SST model

L = Length

i = Mass flow

M = Mach number

M = Isentropic Mach number

Max = Maximum Mach number in a flow field
N = Number of elements in a mesh
ﬁoz,eo = Average total pressure at a 60-degree sector
ﬁoz = Average total pressure at the fan face
4 = Static pressure

Pr; = Laminar Prandtl number

Pr; = Turbulent Prandtl number

PR = Pressure Ratio

qi; = Laminar mean heat-flux vector

q1; = Turbulent mean heat-flux vector

r = Radius

R = Radius of curvature

S = Bookkeeping boundary surfaces
S() = Shape function

T = Static temperature

To = Total temperature

TN = Standard net thrust

In = Discrete numerical solution

fe = Extrapolated solution

i = Axial unity vector

Normal vector

1= [ny,ny,ng]

q = Average dynamic pressure
u; = Velocity in tensor notation
V= [u, v, w] = Velocity in vector notation
X, r, ¢ = Cylindrical coordinates
Greek Letters
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Subscripts
0

1

13

18

BN
CC
CN
FC

hi
max
ref

te

Nacelle boattail angle
Kronecker delta
Estimated relative error
Isentropic efficiency
Dynamic viscosity
Dynamic eddy viscosity
Kinematic eddy viscosity
Corrected mass flux
Density

Viscous stress tensor
Reynolds stress tensor
Axial viscous stress in vector notation
Droop angle

Sutherland Temperature

Captured streamtube station
Inlet station

Fan outlet station

Bypass nozzle exhaust station
Fan face station

Core nozzle exhaust station
Bypass nozzle

Core cowl

Core nozzle

Fan cowl

Inlet

Plug

Spinner

Highlight

Position of maximum radius
Reference

Trailing edge
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I. Introduction

N the pursuit of reduced fuel burn and emissions, the next generation of turbofan engines for civil aircraft will be
Idesigned for a higher bypass ratio (BPR) and lower fan pressure ratio (FPR). Future aero-engines are expected to
operate with cruise FPR below 1.4, possibly leading to bypass ratios above 15, referred to as ultra-high bypass ratio
(UHBPR), in order to achieve reduced specific thrust and higher propulsive efficiency. These configurations require
large fan diameters and are likely to be accompanied by increased weight and drag. Therefore, advanced nacelle designs,
with shorter inlets and exhaust nozzles, are required so that the achieved performance benefits are not outweighed by the
increased installation drag and propulsion system weight.

Current engines for long range twin-engine aircraft feature inlets with lengths over fan diameter ratios L;/d fan
between 0.5 and 0.65. To minimize drag and weight, 2030+ airplanes are expected to have inlets with L;/dfaun
considerably below 0.5. The design of such short inlets can be highly challenging, especially for low speed and high
incidence conditions, since they have reduced internal diffusion capability and boundary layer separation is likely to
occur, leading to poor performance and engine instability.

Considerable achievements in modern nacelle design were reached over the last decade. Christie, et al. [[1], and
Christie, et al. [2] have developed new Class Shape Transformation (CST) based approaches for designing nacelle and
intake aero-lines. Tejero, et al. [3]] and Tejero, et al. [4] have developed CST based methods for 3D nacelle shape
multi-objective optimization. Furthermore, CST curves were also widely used for designing inlets [SH8]] and for exhaust
nozzles design and optimization [9H11]]. However, to the knowledge of the authors, the presented CST methodologies
for designing 3D nacelle shapes considered 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 Ly /d s, below 0.4.

Peters, et al. [12] 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. It was found that, for inlets
with Ly /dsan < 0.25, the benefit from reduced nacelle drag is offset by the reduction in fan efficiency and, based on
a parametric study, they suggested that the optimum Lj/d 4, is between 0.25 and 0.4. Schnell and Corroyer [13]
presented a coupled fan-intake design methodology for potential application to ultra-short intakes for UHBPR engines
and concluded that the fan efficiency could be retained when shortening the intake at different flow conditions. To the

extent of the authors’ knowledge, these are the only articles available in literature which address the design of ultra-short



nacelles.

Extensive research has been conducted on nacelles subjected to high incidence [, 12} [14] and crosswinds [15H18]].
Although some studies considering crosswind effects on short inlets exist [[12} 13 [19], not much has been explored on
how crosswind can impact the design of ultra-short 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 [12} [13]].

This paper is built on the aforementioned research, providing a novel CST based methodology for multipoint design
of ultra-short nacelles. The design procedure considers 3D effects of both asymmetric geometries and asymmetric
flow field under some of the most critical conditions of the aircraft mission, such as cruise, high angle-of-attack and
crosswind. Moreover, a step further is achieved on 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.

I1. Methodology

The shape of a nacelle is a compromise to satisfy conflicting requirements for different operating conditions. At
cruise, the aim is to minimize drag. Therefore, shock waves outside of the fan cowling should be avoided, since they
are accompanied by a significant increase in wave drag. At low-speed and high-incidence conditions, such as end of
take-off, initial climb and crosswind, the main design focus is to prevent boundary layer separation inside the inlet.
Therefore, the design efforts presented in this article are towards minimizing the super-velocities at the external nacelle
surface during cruise while maintaining the inlet boundary layer fully attached for the low-speed/ high-incidence critical
conditions. The following sections present a brief overview of the methodology utilized to design nacelles and evaluate

their aerodynamic performance.

A. Geometry Generation
This subsection will cover the methods used for generating the nacelle’s geometry. Here the CST method and the

major design parameters will be addressed.

1. Class Shape Transformation Method

The Class Shape Transformation (CST) method [20} 21]] has shown to be a robust and versatile approach for
parametric geometry representation, allowing the construction of smooth shapes with a limited amount of design
variables. It consists of the product between a class function C(¢) and a shape function S(y), that can be mathematically

represented as follows:

EW) =S () CW)+yAse (D



where & = r/c, ¥ = x/c and the term Y A&, is added to modify the trailing edge’s radial coordinate. The class function

determines the basic profile, which can be written as

C ) =yN (1-y)N? )

The exponents Nj and N, in Eq. (2)) are used to mathematically define the class of the geometric shape. For a round
nose and a sharp trailing edge, N1 = 0.5 and N, = 1. The shape function is used to transform the class function and can

be represented by a nth order Bernstein polynomial, defined as

B )= 3 [Ken - (0 (1 =0 3
i=0

where K; ,, are the binomial coefficients
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The shape function can be generated by multiplying Eq.(3) by weighting coefficients bp;, acquiring the following form

n

SW) = [bri- K- (97 (1 -9 5)

i=0

The first weighting coefficient bpy is directly related to the airfoil leading-edge radius of curvature R;, by the relation

2R
bpo =] —= (6)
¢
whilst the last weighting coefficient bp, is related to the boattail angle and trailing edge radial offset, as follows
A
bpn = tan (Bre) + 221 ™

In order to calculate the remaining weighting coefficients and hence to fully define £(), 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. (T)) and its derivatives £(¥)’ and £(¢)”. By solving this system, the CST

curves are determined.

2. Ultra-Short Nacelle Parametrization
A full 2D nacelle geometry is defined by joining six different CST curves, representing the inlet, fan cowl, bypass
and core nozzle outer parts, core cowl, core nozzle and plug. Figure[T]shows the main geometric parameters for the inlet

and fan cowling geometric representation and Table [T]depicts the main input design parameters. The design procedure



described in this paper will focus on the inlet and fan cowl design, therefore details about the bypass and core nozzles

will not be addressed.

Bypass nozzle

rfan

Core cowl

Core nozzle Plug

Fig.1 Nacelle main geometric parameters.

Table 1 Fan cowl and inlet design parameters
Parameter Description
Inlet length to fan diameter ratio Li/dfan
Contraction ratio rf”. / rtzh
Lip aspect ratio alb
Highlight radius to
. . . T'hi / I'max
maximum radius ratio
Fan cowl length to maximum radius ratio  Lrc/7fan
Trailing edge radius to fan radius ratio TrelT fan
Maximum radius to fan radius ratio Fmax [T fan

Axial position of maximum diameter

Non-dimensional leading-edge

fmax = xmax/LFC

. fre = RlefmaxLF(zf
radius of curvature (Fmax=rni)
Nacelle boattail angle Bre
Inlet droop 04
Lip control point axial position fopx = 220
Lip control point radial position fopr = 220

Figure 2] shows a 3D nacelle geometric definition. Two dimensional parametrizations are performed for the locations
of ¢ =0°, ¢ =90° and ¢ = 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 x (axial coordinate) are performed circumferentially between the crown, MHB and keel. The second
nacelle half (180° < ¢ < 0°) is geometrically symmetric to the first one.

The previously mentioned parametrization positions were selected specifically to allow geometric control where
local flow effects are critical. At the crown, the strongest shock waves are formed, whereas the keel geometry plays a
fundamental role in preventing separation at high incidence and low-speed operational conditions. Furthermore, the

MHB parametrization is important to prevent separation and minimize distortion under crosswind conditions. The



Upper parametrization (crown)

Side parametrization

(MHB)
Lower

Parametrization (keel)

Fig. 2 Nacelle 3D geometry definition.

control point parameters f.,x and f.,, are used only for the MHB and keel, where local curvature control is desired to
design a round lip.

An important characteristic existent in modern turbofan engines is a droop to align the inlet with the wing upwash
at cruise [22]]. However, it is not clear in the literature how such droop is performed. In this article, two methods for
drooping the nacelle are presented and compared. In both, 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 inlet and fan cowl shapes are stretched to the new drooped
highlight position, proportionally to a quadratic function of the axial position.

In method 1, only the fan cowl forebody is stretched, so that the geometry downstream of the fan face remains
unchanged. In method 2, the deformation is employed to the entire cowling. The major advantage with method 2 is
to assure a gradual change in curvature for the fan cowl, keeping the smooth nature of the CST curves. On the other
hand, method 1 allows the fan cowl afterbody to remain unchanged, which could be advantageous for designing an
axisymmetric geometry downstream of the inlet. These methods will be compared later in this work. The drooping
procedure is illustrated in Fig. [3]

A comparison between the range of design parameter values for conventional nacelles found in literature and the
ones used for designing the ultra-short nacelles presented in the current work is shown in Table[2] It can be seen that the
parameters Ly /d fqn and Lrc /ry; fall off from the conventional range, as expected for ultra-short nacelles. Moreover,
higher than usual lip aspect ratios (a/b) are necessary for achieving good low speed performance. The impact of several

of the parameters presented in Table [2]on the design of ultra-short nacelles will be discussed later in this work.



NON-DROOPED INLET
— — — DROOPED INLET

PIVOTING POINT

Fig. 3 Drooped inlet representation.

Table2 Range of values for nacelle design parameters — conventional nacelle design compared with the present
work

Parameter Literature Present work
Li/dfan 0.5-0.85 [12] 0.3
ey, 1.1-1.3 23] 1.135-1.25
alb 1.5-3.0 [[12,24] 1.19-5.0
Phi/Tmax ~ 0.75-0.91 [4[12,23,24] 0.85-0.89
Fre|Thi 0.89 — 1.0 [4] 0.94
Lrc/rhi 3.1-6.49 [8l25] 2.96
Jmax 0.25-0.51 [4.23] 0.24 - 0.35
fre 0.6 —1.4 [3.4] 0.75-1.2
Bie (°) 915 [3. 4] 10-13
64 (%) 3-6[12,22] 4-5

B. Numerical Approach

Multiblock structured meshes are automatically generated using the ANSYS ICEM CFD meshing software. They
are defined within a computational domain between the nacelle and a cylindrical far-field, with length and diameter
equal to 60 times the fan diameter. In order to resolve the viscous sub-layer, the first cell height was set so that y* < 1
for the cruise condition. Figure[dshows an example of the 3D mesh.

The flow field around the nacelle was computed by the means of computational fluid dynamics (CFD). The
commercial software ANSYS FLUENT was used as the CFD solver. The simulations were performed for the Reynolds-
Averaged Navier-Stokes (RANS) equations, using the pressure-based solver and the pressure-velocity coupled algorithm
[26]. The chosen turbulence closure model was the Menter’s k — w shear stress transport (SST) model [27]], since it
has been proven to be suitable for external compressible aerodynamic computations [28}, 29], furthermore, it has been
used multiple times for computing the aerodynamic performance of high bypass turbofan nacelles and exhaust nozzles
[BR5L[7L11]. 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
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Fig.4 Nacelle 3D multiblock sturctured mesh.

turbulence kinetic energy. Both 2D axisymmetric and 3D computations are necessary in order to fulfill the entire nacelle
design procedure, however, the focus will be on the latter. The 2D simulations are used as a tool to find a preliminary
nacelle design with low computational cost. The obtained geometry is used as a starting point for the 3D computations.

Details on the governing equations and boundary conditions utilized in the 3D CFD simulations are presented next.

1. Governing Equations
The Reynolds form of the continuity, momentum and energy equations, for a compressible flow, often referred to as

RANS equations, in mass-weighted averaged variables, can be written respectively as

op o __
o1 ¥ oy PR =0 ®

o __ 0 ___._ 0p 0 (- —

57 P+ 5 (i) = =52+ 5= (71 = ©)

0 _ 0 -~ — — 0 77 1 11,005,070 9 7. | F ST
5, (PE) + ax; (#;(PE +P)) = ax, |7 Tl T S puu Ut [”i (Tif TP ”1)] (10)

J

where E is the total energy, 7;; is the viscous stress tensor, and g, ; and q:; are the laminar and turbulent mean heat-flux
vectors, respectively. The superscript symbols ~ and ~ represent, respectively, mass-weighted and unweighted averaged
variables. Double primes indicate fluctuating parts of field variables, from a Favre decomposition. The total energy can

be defined as a function of the Favre-averaged specific internal energy &, as follows

11



E=¢+—i;u; +k (11

N =

where k is the turbulence kinetic energy, %u “u’. The mean viscous stress tensor T;; can be written as in Eq.

T =H ox; 0x; 3 dxp

12)

where  is the dynamic viscosity and 0;; is the Kronecker delta. The term —pu;’u ;.’, referred to as Reynolds stress tensor

Tl.’;. , is modeled using the Boussinesq hypothesis, as shown in Eq. (T3):

oii; 0iij 2 il
R i J — k
S =y | — + I Ok+(l— 6[.. 13
le ! (ﬁxj 0xi) 3 ( tan) J ( )

where (1, is the eddy viscosity. The laminar and turbulent heat-flux vectors are computed as follows

ucp 0T
= 14
4 Pr; 0x; (14)
HiCp oT
== — 15
ql"l Prt 8xj ( )

where Pr; and Pr, are the laminar and turbulent Prandtl numbers, respectively. The term 7;;u;’ corresponds to the

molecular diffusion and % pu }’u 7u;’ represents the turbulent transport of turbulence kinetic energy. The most commonly

used closure approximation to model these terms is

ok
ij

1 M
7” "o
Tjik; — —pujul. u; = M+ —

5 - (16)

where o is a coefficient associated with the modelling of the turbulence kinetic energy equation.
The k — w SST model was developed by Menter [27] to effectively blend the k¥ — w and k — € formulations. The
former is known to behave better in the inner parts of the boundary-layer whereas the latter is more suitable for the

free-stream. The k — w SST transport equations are solved to obtain the turbulence kinetic energy k and the specific

dissipation rate w:

0 _ o _ rOI;  _ 0 ur\ 0k

— — ) =1 — —pB wk + — — | — 17

ot (pk) + ox; (Pkaj) i ox; P wk+ ox; [(,u * ok | 0x; a7
0 _ o _ . @ g0id; __, 0 U\ dw _ 1 0k dw
= = )= LRI = A 20 -F a8
ot (P‘U) + 8)(?]‘ (p(x)lxl]) v TlJ axj pﬁw + axj [(# + o axj + ( l)p(ya_w’2 axj axj ( )
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The kinematic eddy viscosity, v; = u,/p, is computed as follows

alk

V)= ———
! max (a w, SF>)

(19)
The model constants «, 8, o, 0, are obtained from a linear combination of the constants from the underlying k — €
and k — w turbulence models, defined by Eq. (Z0)

7(=F17(1+(1—F1)(](2 (20)

where K represents any constant from the £ — w model, K; is any constant from the k£ — & model, and K any constant
from the k — w SST model. F; and F; are blending functions, based on the distance from the nearest surface and on
flow field variables, and S is the strain rate magnitude. The remaining model constants are: a; = 0.31, 8* = 0.09, and
0,2 = 1.168. Further details on the K — w SST model can be found in Refs. [26,[27].

The working fluid is air throughout the entire computational domain. It was modeled using the ideal gas law,
therefore, pressure, density and temperature are related by

p =pRT @21

the specific gas constant R for air is 287.06 J/(kg - K). Moreover, the fluid is assumed to be calorific perfect and the
internal energy can be expressed as a function of the specific-heat for constant volume c,,:

é=c,T (22)

The specific heats for constant volume c¢,, and for constant pressure ¢, are related by

cy=cp—R (23)

and ¢, is computed by an 8th order polynomial of the following form

Cp=da)+ azT + a3T2 + a4T3 + a5T4 + a(,TS + a7f6 + agT7 24)
p

whose coefficients are shown in Table[3

The Sutherland’s law [30] was applied to compute the dynamic viscosity, defined by the following expression

3/2
T ) Tref +{ (25)

ﬂzluref( T+¢

Tref
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Table 3 Coefficients for computation of c,,

Polynomial coefficients

ai 1161.482
a —-2.368819
as 0.01485511

as —5.034909 x 1079
as  9.92857 x 10708

as —1.111097 x 10710
a7 6.540196 x 10714
ag  —1.573588 x 1077

where Ty p =273.15K, ptrey = 1.716 X 107 kg/(m - 5), and £, the Sutherland temperature, is equal to 110.4 K.

2. Boundary Conditions

The schematic representation of the CFD domain and boundary conditions (BC) for the 3D simulations is shown in
Figs. [Oh and[5p. A pressure outlet BC was set at the fan face, where the static pressure profile was specified. Mass flow
is targeted to assure mass flow continuity between the fan and nozzles. At the fan and low-pressure turbine (LPT) outlets,
mass flow inlet BCs were determined, where mass flow and total temperature were specified. For simulating crosswind
operating conditions, the external far-field surface had to be split in 2. One half was modeled using a pressure-inlet
BC, where total pressure and total temperature are specified, whilst the other was set to be a pressure-outlet BC, where
static pressure profile was specified (see Fig. Bp). For all the remaining cases a pressure-far-field BC was used, where
freestream static temperature, static pressure, Mach number and flow direction were specified (see Fig. |§h). All the
nacelle surfaces were defined as non-slip adiabatic walls. The spinner was treated as a rotating wall. The freestream
conditions, based on the International Standard Atmosphere (ISA), are described later in this work for each of the
established operating points (see section|[[LE). The numerical approach used in this paper is summarized in Table [[.B]

.~ Pressure outlet (P, Ty)

Mass flow
Mass flow Inlet (1. T
Pressure inlet (1, T) Pressure nlet (71, To)
outlet (P, Ty) Outlet (P, Tg)
Farfield BC
(r,P,M)
Freestream ~ ﬁ
Angle of attack y z
------ L Crosswind L
X X
(a) (b‘)\ Pressure inlet
(Po,To)

Fig.5 Boundary conditions and CFD domain schematic representation for (a) cruise and high angle of attack,
and (b) crosswind.
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Table4 Numerical approach used in this paper

Solver (ANSYS FLUENT) 3D RANS Pressure-based coupled; double precision
Viscous walls (no-slip); pressure outlet (p profile);
mass flow inlet (712, Tp) ; farfield (p, M, T)

Air modeled as an ideal gas; ¢, as function of the static temperature;

Boundary conditions

Fluid type . .
viscosity from Sutherland’s law [30]]

Spacial discretization Second-order upwind; least squares cell based
Turbulence modelling (y* < 1) &k —w SST

3. Fan Face Boundary Condition

Sometimes, during the preliminary stage of the engines’ inlet design, the aerodynamicist might have limited or no
access to the fan geometry. In such cases, simple and reliable boundary conditions are necessary to mimic the fan’s
behavior. Setting up a constant static pressure at the fan face would not capture properly the fan—inlet coupling and
distortion effects. To overcome this problem, a methodology has been developed to calculate the static pressure profile
at the fan face, based on the parallel compressor theory, which is a well-established method to estimate circumferential
distortion effects on compressor performance. The method’s intent is to be able to predict reasonably the fan’s response
to both clean and distorted incoming flows with a minimal amount of input data and low computational cost. Another
goal is to be used as simple and robust alternative to to the existing body force models [31H33]].

Cousins and Davis [34] present an historical overview of the parallel compressor theory and some of its variations,
whilst Davis and Cousins [35] showed that the method can be applied to complex distortion patterns. The classical
parallel compressor theory consists of dividing the compression system in two sectors. Both discharge to the same
static pressure, but with different levels of inlet distortion, i.e., total pressure and temperature. Therefore, to reach a
uniform outlet static pressure, the compressor with the lowest inlet total pressure has to operate with the highest pressure
ratio, and vice versa. In other words, the fan works harder in the regions of lower energy. The consequence is that the
lower the incoming total pressure, the lower the static pressure will be [36} [37]]. This concept was adapted for CFD
applications and used to compute the static pressure profile at the fan face, as described next.

An imaginary outlet plane is defined just downstream of the fan stator exit, where the flow is assumed to have
uniform static pressure. The incoming flow field variables 77, u1, wy, v and 11, along with the cell face area A,
computed from the CFD iteration, are used to calculate the stagnation pressure po; and temperature Ty, using Eq.

to Eq. (29), for each grid point at the fan face, as follows:

Vi = Ju?+vi+w? (26)
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M = 27
VYRT\
y-1. 5 7
por=p1|l+ > M; (28)
y-1 5
T01=T1 1+TM1 (29)

The corrected mass flux ¢, corr is calculated as

11101 /70 re
b cons = m_\/(m/Of 30)

poi )
Po,ref
and a compressor speed line is used to obtain the local pressure ratio PR and isentropic efficiency ;5. The speed line is
linearized around the engine operating point, for improved numerical stability. The stagnation pressure and temperature

are computed at the imaginary outlet plane as

Po2 = po1 PR (31)

T, v
Top = Ty + 22 (PR’y - 1) 32)

s
so that the outlet Mach number and static pressure can be calculated, through Eq. (33) and Eq. (34) , respectively.

y+1

W VRT, -1 ,\%D
iVRT g, (1 Ay M22) ’ (33)
Po2A2 2

pr=—L0 (34)

Y
y=lamn) !

(1 + TM 2)
The outlet cell face area A, is obtained by assuming a constant area reduction ratio A, ,;;, between the fan entry and

exit planes. Finally, the inlet static pressure is incremented by AP until a the outlet pressure p; is equal to a targeted

pressure ps ;qrg. The pressure increment AP can be calculated from Eq. (33)), where A is a weighting factor.

AP = /]'(pQ,targ - I’z) (35)

This procedure is described in Fig. [p]and repeated for each one of the cells at the fan face. From now on, the method

will be referred to as the modified parallel compressor (MPC) method. The target pressure can be determined by
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using Eq. (33) and Eq. (34), with the stagnation pressure and temperature obtained from the engine cycle calculations.
Particularly for the cases presented in this paper, there is a target for the cycle inlet mass flow, therefore, ps ;4o must be
iterated, to reach the target mass flow. Note that the only inputs necessary are: p2 sarg» Arario, and the compressor or
fan speed-line. The method is designed so that a generic speed line can be utilized and scaled to the engine’s operating

point. The speed lines used for the nacelle CFD simulations, presented later in this work, were obtained from Ref. [38]].

From the incoming flow field, get: T, u4,
v1, W1, N4, and the face area A4 for each
cell at the fan face.

v

Calculate :

Velocity Magnitude V' from Eq. (26)
Mach Number M, from Eq. (27)
Total Pressure pgq from Eq. (28)

Total Temperature T, from Eq. (29)

v

Calculate the corrected mass flux ¢, corr
(Eq. (30)) and use it to get the pressure
ratio PR and the Isentropic efficiency 1;
from the speed line

P1=p1+AP Calculate py; (Eq. (31)) and
T2 (Eq. (32)) using PR and 7;¢

[ Calculate M, using Eq. (33) ]

[ Calculate p, from Eq. (34) ]

P2 = P2targ [

Fig. 6 Flowchart of the modified parallel compressor method.

The following assumptions and simplifications were made so that the MPC method could be developed: 1) each
mesh element at the fan face is acting as a parallel compressor and there is no circumferential flow migration between
different parallel compressors. Consequently, the area reduction ratio between the inlet and outlet planes becomes the
same for all the elements; 2) there is no blockage caused by secondary flows at the blade tip clearance; 3) the use of

a single speed line assumes that the fan has the same behaviour from the hub to the shroud. This approach captures
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variations in radial work caused by distorted flows, but is incapable of predicting variations in work cased by the fan
blade design; 4) the outlet static pressure is constant. The consequences of such assumptions as well as the MPC method

limitations will be further further addressed in section [I[II.Bl where a validation is carried out.

C. Thrust and Drag Bookkeeping

Aerodynamic forces can be computed using either the body or the fluid flow perspective [39]. Methods employing
the former are referred to as near-field and the latter as far-field. A modified near-field bookkeeping method, which
involves integration both over the nacelle surfaces and along the captured streamtube, was used to calculate thrust, drag
and assess the nacelle aerodynamic performance at cruise. Figure[/|shows the boundary surfaces used in the method to

be described hereafter.

S, |
.S
So e S

CAPTURED
| STREAMTUBE

Sskin = SsUS UScy USccUSpy USpUSpc
Sy =S, US,US;

Syue = S13USpy USccUSeUScy USp

Snac = Sskin US2 U S13 U S

Sscrub = SsUS;UScey USccUSpy USp

Fig. 7 Nacelle bookkeeping surfaces.

The near-field net propulsive force F; can be determined from application of the axial momentum balance to a

closed surface surrounding nacelle Sy, [40-43]], as shown in Eq. (36).

== [ o= @i+ p=porn = G| as= [ (7i) as (36)
where f , following Destarac’s [42]] notation, is defined as:
F=—p(u—ite) (V-ﬁ)—(p—pm)7+ (Tx - 1) G7

The net propulsive force is defined as the difference between thrust and configuration 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 T [40-42] 144].
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Classical methods [44] use the inlet entry and nozzles exit surfaces (S, Ss and Sg) to define thrust and drag,
nevertheless, for CFD applications, it is desired to select locations where the grid is well defined, aiming to avoid
interpolation errors. Therefore, the surfaces Sy, S2, Ss, SBn, Sccs S13, Scn, S¢ and Sp will be used here. The
conservation of momentum applied to the captured and post-exit streamtubes leads to the following equation for the

standard net thrust [40, |42]]

TN:/S [pu(v'ﬁ)+(p—pm)nx—(‘?x-ﬁ)]dS—/S o (V) + (p = poo) s = (B )| S (38)

out

where S,,,; includes all the surfaces wetted by the exhaust jets. Note that the standard net thrust as presented in Eq. (38)
is also referred to as "modified standard net thrust" [44]], 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.=Fn-Tn (39)
The integrated force on the fan cowl @ ¢ can be defined as

‘DFc=/S [(p = poo) rx — (7 - )] dS

(40)
= (@p + q’f)ch
where @, is the skin pressure force, @ ¢ the skin friction force and Src is the fan cowl surface.
The pre-entry force F, is defined as
Fpre= [ Jou(V7)+ 0= poms - )] s @)
SoUSin

where S;, is comprised of all the inlet surfaces wetted by captured streamtube.
The integrated force on the internal nacelle surfaces Sg.,,p», scrubbed by the pre-entry and post-exit streamtubes,

can be referred to as scrubbing force @, and expressed as follows

Brerup = / [(p - poo) 1 — (F - )] dS
Sscrub (42)

= (@, + q)f)s

scrub
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Moreover, Eq. (36) can be written as follows

Fn =/ (fﬁ) ds
SFCUSinUSnut

= (®p+ Py ), +/ (f.ﬁ) ds 43)

SinUSour

= (q)”+q)f)SFc +Fpre —-TNn

finally, the configuration drag becomes

Do = (@p+P@p)g, . +Fpre )

= (@, + @) —(@p + D) +Fpre

Sskin scrub

where Sgx;, 1s comprised of all skin surfaces wetted by the air passing through and outside of the nacelle. Moreover, the

drag coeflicient, Cp, can be defined by using the fan face area A r,,, as reference, as follows

D,

= ¢ 45
O.SpwVOZOAfan ( )

Cp
D. Inlet distortion and mass flow ratio
A reference aerodynamic parameter for the inlet is the mass flow ratio MFR , which is defined as the ratio of the
streamtube captured area Ao and the highlight area Aj;. Typical values for MFR vary between 0.7 and 0.8 at cruise and
are greater than unity for low speed conditions.
At high angle of attack or crosswind, boundary layer separation can occur internally in the inlet and distortion can

be severe. A common parameter used to assess the distortion level is the D Cg coefficient, defined as

DCgqp = ————— (46)

where Py, and g are the area averaged total and dynamic pressures at the fan face, and 1_302‘60 is the area averaged total

pressure at the most distorted 60-degree circumferential sector at the fan face.

E. Operating Conditions

During the preliminary design phase of nacelles, it is not practical to consider all the segments existent in an aircraft
mission, due to the computational costs of 3D CFD simulations. Therefore, the operating conditions chosen for the
present study are the ones considered to be the most critical for the engine’s performance and to impose limitations to
the nacelle’s design [12]. A summary of the operating conditions is presented in Table 3]

The different operating points and why they are considered critical for the nacelle and engine performance, are
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Table 5 Critical operating conditions for the design of nacelles

Condition M Altitude (m) AoA (°)
Cruise 0.8 10668 5
Wing Cy,, 0.25 4267.2 29
Take-off rotation ~ 0.25 0 17
Crosswind? 0.0442 0 0

4 The crosswind angle (yaw) is 90 degrees.

described next. At cruise, the main goal is to attain low drag, therefore shock-waves shall be avoided when possible
and the maximum Mach number M,,,, should be limited. The engine is usually subjected to a local angle of attack
(AoA) approximately equal to 5 degrees, caused by the combination of the wing upwash and the aircraft AoA. Under the
wing maximum lift coefficient Cy,,, 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
[12]. In this case, the main concerns are internal inlet separation and distortion levels at the fan face. 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 90-degree crosswinds, for a wind velocity of at least 20 knots [45]].
When subjected to crosswind, inlet flow separation can occur, leading to high levels of distortion and possibly to fan

surging. Therefore, crosswind components must be considered during the nacelle design procedure.

F. Design Procedure

The previously described methods were coupled together to create an integrated design framework comprised of
engine cycle calculation, parametric geometry generation, automatic multi-block mesh generation, 3D RANS CFD
computations and aerodynamic performance evaluation. Figure [§|summarizes the overall nacelle design procedure,
which is applicable for both ultra-short and conventional length nacelles.

The first step is to perform the design point (DP) cycle calculation for the engine whose nacelle will be designed.
The DP selected for this work was mid-cruise. Afterwards, 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 performed. To fulfill this
first step, the commercial software GASTURB is used.

Next, the DP output data is used together with the geometry input parameters to shape the nacelle using an in-house
MATLAB code, built based on the CST method. A multiblock structured mesh is automatically generated by using the
software ANSYS ICEM CFD. Furthermore, the solver ANSYS FLUENT is used to perform 3D RANS CFD calculations.
The operating point cycle data are used to define the boundary conditions, together with the method described in section

11.B.3]
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[ Nacelle shape definition (CST) ]

[ Automatic mesh generation ]
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(boundary conditions
from cycle calculation)
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DCﬁO: Mmax

No
Design criteria met

for the current
operating condition?

CFD calculations and
performance evaluation for
the other operating
conditions

All design criteria No

met?

[ Design completed ]

Fig. 8 Flowchart of the design procedure.

The CFD results are post-processed and the nacelle’s aerodynamic performance is evaluated. In case the design
criteria, defined later in this paper, are not met, new geometric input parameters are defined, and the process is reiterated
for the particular operating condition until convergence is achieved. The CFD simulations are performed for all the
other operating conditions. In case the design criteria are not met for some operating condition, new geometric input
parameters are defined and the process is reiterated, firstly for the current operating point, and lastly for the remaining

operating conditions.
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The design process can be laborious and time demanding, especially due to the high computational time necessary
to fulfill all the steps. Therefore, it is of paramount importance for the aerodynamic designer to understand well the
flow field behavior and which parameters play a major role on the nacelle’s aerodynamic performance, so that the
number of iterations can be minimized. For this work the chosen operating conditions were described in section [I[.E
and summarized in Table[5] The design criteria for the present paper is a M4, not higher than 1.2 at cruise, to limit the
strength of the shock waves formed on the fan cowling, and, for the other conditions, a D Cgy lower than 0.05, to assure
that the flow will be mostly attached to inlet’s internal surface. The choice of M,,,, as a design criterion is in line with
Ref. [12]. The value of DCgp might seem excessively low, however, it was selected to avoid boundary layer separation,
based on the results presented in [[17,/46]. For engine certification sake, higher distortion limits could be set. Table|[6]

shows the design criteria used for each of the chosen operating conditions.

Table 6 Design criteria for the different operating conditions

Condition Criterion
Cruise M<12
Wing G, DCgp < 0.05

Take-off rotation DCgy < 0.05
Crosswind DCgy < 0.05

ITI. Results and Discussion
This section is divided in A) mesh independence study; B) Validation of the modified parallel compressor theory; C)
thorough analysis of the flow field and of the design variables for each one of the operating conditions and D) discussion

regarding the possible design options and choices.

A. Mesh Independence Study

A mesh independence study was carried out to ensure that the selected grid was fine enough to compute the variables
of interest. The study was conducted for 8 grids with increasing resolution, for an asymmetric nacelle operating at the
cruise condition, shown in Table The number of cells N varied from approximately 3.1 x 10° for the coarsest mesh to
63.6 x 10° for the finest. To guarantee a consistent mesh refinement, a global scaling factor was applied to the entire
domain, increasing the number of nodes in all directions. The height of the wall adjacent cells was kept constant across
the entire domain, ensuring y* below unity, however, the number of cells defining the boundary layer change with the
global scaling factor. The results of the grid independence study are shown in Fig. 0| for Cpp and F. A monotonic
behaviour of both Cp and Fy can be observed for the four finest meshes, referred to as grids 1 to 4, from coarsest to
finest, as depicted in Fig. [9]

To estimate the exact solution, a generalized Richardson extrapolation with fixed order was employed to grids 3 and
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Fig. 9 Mesh independence study results for: (a) drag coefficient Cp, and (b) net propulsive force Fy.

4, by dropping the high order terms (see Ref. [47]). By assuming second order accuracy, the extrapolated values are
0.05736 for Cp and 20317.08 N for Fy. An estimate of the relative error € for a parameter of interest can be found by
the difference between an extrapolated value f, and that evaluated from a discrete solution f},, for a equivalent mesh
size h, as follows

E:fe_fh (47)

Je

Figure [I0] shows the estimated error of Cp as a function of the equivalent mesh size (in logarithmic scale), where
h = N~'/3 for a mesh with N elements. The varying order of accuracy is possibly due to grid stretching, non-linearities
in the solution, presence of shocks, among others. Grid 1, with approximately 18.07 x 10° elements, was selected for
performing the CFD simulations presented later in this paper, since the estimated relative errors were 0.77% for Cp and
0.042% for Fy .

In addition, a domain independence study was carried out for four different domain sizes, namely 50d f 4, 60d £ an,
70d ¢ qn, and 80d f 4, The largest difference in Cp was observed between the 50d 4, and 80d s ,,, domain sizes, being
0.017%. The 60d ¢ 4, domain size was selected used for the test cases presented later in this work, since it presented a

0.004% difference relative to the 80d ¢ 4, domain size.
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Fig. 10 Estimated relative error of Cp as a function of the equivalent mesh size, in logarithmic scale.

B. Validation of the modified parallel compressor method

In order to verify the validity of the developed method, a test case was carried out for a high-speed fan ingesting a
radially distorted flow, and compared with the results obtained from the modified parallel compressor (MPC) method for
the same flow conditions. The fan geometry, referred to as daVinki, was provided by GKN Aerospace Engine Systems
and used to conduct the current study. The daVinki fan is part of a geared turbofan configuration with bypass-ratio and
fan pressure ratio F PR of approximately 15 and 1.39 at mid cruise, respectively. It comprised of a nacelle, 17 rotor
blade rows and 43 outlet guide vanes (OGV) blade rows. Further details regarding the design and optimization of the
daVinki fan can be found in Ref. [48]]. The CFD simulations were conducted using the commercial solver ANSYS
FLUENT. Figure[IT|shows the computational domain used for the validation cases: (a) for the daVinki fan and (b) for the
the MPC method. The daVinki computational domain is split into four parts: nacelle, fan, splitter and OGYV, as depicted
in Fig. [[Th. The fan zone is defined as a rotating domain with rotational speed of 1916 rpm, whilst all the other zones
are stationary. All the wall boundaries were defined as no-slip walls. The spinner was defined as a rotating wall and the
fan shroud as a counter-rotating wall. The mixing planes were positioned upstream and downstream of the fan and
upstream of the OGV blades, as pointed in Fig. [[Th. Circumferential periodicity is set at the lateral boundary surfaces.
A total pressure profile and a constant total temperature are set at the inlet, whilst at the intermediate compressor (IPC)
entry and OGV outlet the static pressure is set with radial equilibrium distribution. The MPC domain extends from the
nacelle inlet to a surface defined by the area swept by the fan leading edge, as shown in Fig. [[Tp. For the inlet, spinner
and nacelle, the same conditions described for the daVinki fan are employed. At the outlet, a static pressure distribution
is defined, which is calculated based on the incoming flow, using the MPC method.

Structured grids were generated for all the daVinki fan zones. The nacelle and splitter meshes, with respectively 202
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Fig. 11 Computational domain for: (a) daVinki fan and (b) modified parallel compressor method CFD
simulations.

and 182 thousand elements, were created using the ANSYS ICEM CFD software, whilst the fan and OGV meshes, with
3.04 and 2.94 million elements, respectively, were generated in ANSYS TURBOGRID. No tip clearance was included.
For the MPC domain, a structured grid with approximately 342 thousand elements was created. The wall y* was set to
be approximately equal to 1 everywhere, for both cases. The turbulence model, fluid type and spacial discretization are
the same as used in the nacelle CFD simulations, described in section@ The inlet boundary condition was set for an
aircraft at cruise for M = 0.84 and a flight altitude of 10668 m. To prove that the MPC method is valid for distorted
flows, a radial distortion was applied to the upper portion of the inlet boundary, so that the total pressure is constant up to
80% of the inlet radius and then decreases linearly until it reaches 80% of the ambient total pressure, at the nacelle wall.
The choice of a purely radial distortion was made so that periodic boundaries could be applied and thus full annulus
simulations would not be necessary. At high AoA, the strongest gradient in total pressure occurs radially, therefore, this
is deemed to be a representative test case.

As stated in section[[I.B.3] a speed-line is necessary as an input to the MPC method. It was obtained for the same
fan geometry ingesting a clean flow, i.e., with constant total pressure, by gradually increasing the back-pressure at a
rotational speed of 1916 rpm. The outlet static pressure was initially estimated by using Eqs. (33) and (34) and then
iterated until the mass flow was equal to the one obtained from the daVinki fan simulation. The operating point used for
the validation had the following characteristics: FPR = 1.362, BPR = 14.48 and ¢,,.corr = 195.13 kg/(m?s). The
speed line obtained from the clean fan simulations was scaled for F PR and 7, to the distorted operating point, and
then linearized around the same operating point, for consistency with the methodology described in section [[[.B23]
Figure[I2]shows a comparison between the results from the CFD computations for the daVinki fan and the MPC method

for (a) total pressure, (b) axial Mach number, (c) static pressure. For the daVinki fan computations, the results were
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circumferentially averaged on a surface defined by the area swept by the fan leading edge, and, for the MPC method,
the average was taken at the outlet surface. It can be seen, from the static pressure plots, that the MPC reacts to the
distorted flow as expected: the fan works harder from approximately 76% of the blade span up to the shroud, where
the total pressure and mass flow are lower, consequently the fan face static pressure is reduced, for a constant outlet
static pressure. A similar behaviour is observed for the daVinki fan, however, the static pressure reaction to the low
momentum portion of the flow starts at about 70% of the blade span and occurs more smoothly, resulting in a lower
static pressure reduction, if compared to the MPC method. Thus, it can be stated that the MPC method over-predicts the
stabilization capability of the fan, resulting in an abrupter spacial redistribution of momentum. Another clear difference
between the two cases is the deceleration occurring in the lower portion of the blade, from the hub to about 30% of
the blade span, which is caused by a lower work production near the hub, resulting from the design of the fan blades.
The over-prediction in stabilization can be mostly attributed to two reasons: linearization of the speed line, which can
over-predict the pressure ratio for low mass flow regions and the usage of a clean speed-line to represent a fan ingesting
a distorted flow. The reason for the model not being able to capture the acceleration near the hub is caused by the fact
that a single speed-line is being used for the entire blade-span, therefore, radial variations in work caused by the design

of the fan blades are not captured.
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Fig. 12 Comparison between the CFD results obtained for the daVinki fan and the MPC method for: (a) total
pressure (b) axial Mach number (c) static pressure. The averages were taken at the fan leading edge position
for both cases.

The meridional contours of Mach number for the daVinki fan, MPC method, and constant static pressure at the fan

face, are plotted respectively in Fig. [T3p, Fig. [I3p, and Fig. [I3k, for the domain upstream of the fan face. It can be
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seen that, both the daVinki fan and the MPC method have the ability of re-accelerating the incoming low momentum
flow, when it approaches the fan face. The constant static pressure BC, however, it is not capable of redistributing the
momentum to the tip of the blade, thereby, the fan will face an intense drop in Mach number at its upper part, so that the
pressure will be constant. Consequently, the flow accelerates over the rest of the blade span, to keep the same averaged

mass flow.

Mach number

5 - » y
e (a) | (b) (0

Fig. 13 Comparison between the CFD computations for: (a) daVinki Fan, (b) MPC method, (c) constant static
pressure at the fan face.

Although the MPC method is shown to over-predict the fan capability of locally re-energizing distorted flows, it is
deemed to be a more appropriate way of representing the fan behaviour than a constant static pressure BC. Due to its
simplicity, low computational cost and low amount of necessary input data, the MPC method can be a very useful tool
for nacelle designers, since in the early design stages, the fan geometry, as well as detailed performance data, might not
be available. Nevertheless, the reader should keep in mind that applying the MPC method as it is might lead to thinner
and lower drag nacelle designs than the ones achieved if the fan geometry was used, due to the over-prediction in the
flow stabilization. This fact, however, does not conflict with the major goal of this paper, which is to provide good
design practices for ultra-short nacelles operating under different flight conditions.

With the penalty of raising the method complexity and number of inputs required, some improvements can be done
to the MPC model: 1) using different speed-lines for the blade hub, middle and tip sections, therefore capturing radial
variations in work due to the design of the blades; 2) accounting for blockage effects caused by secondary flows in
the tip clearance region; 3) modifying the initial clean speed-line to incorporate the effects of distortion. The authors
believe that, after these limitations are addressed, the MPC method might be able to provide similar accuracy to more

complex and computationally expensive body force models.

C. Design cases
This section provides a discussion on the most important design parameters and challenges encountered in each

of the operating conditions described in Table[5] The cases here presented were designed for a future engine with a
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mid-cruise bypass ratio of 18, a fan pressure ratio equal to 1.3 and a fan diameter of 2.26 m. For all the cases, the
mean L /dya, is equal to 0.3. The baseline nacelle for the following studies consists of an axisymmetric geometry
with Lec/rpi = 2.96, rpi/Tmax = 0.87, Fmax /¥ fan = 1.19, and 14 /rp; = 0.94, which was defined parametrically by
conducting several 2D axisymmetric CFD simulations. However, it is out of the scope of this paper to address the initial

2D design.

1. Cruise

Four cases were studied for the cruise condition. The first was an axisymmetric baseline geometry with AoA = 0°.
The second was the same geometry but with AoA = 5°. Furthermore, the baseline geometry was drooped using
methods 1 and 2, described in section [[IA:2] Figure[T4]shows the Mach number contours obtained from the 3D RANS
computations. The locations where the Mach number is equal to unity are highlighted in white. A strong shock is
formed over the fan cowl when the AoA is changed from zero degrees in Fig. [T4h to five degrees in Fig. [I4p, and the
M ax increases from 1.028 to 1.394. This is caused by a downward shift in the crown and keel’s stagnation point, which

forces the flow to accelerate more over the outer part of the crown’s lip and over the inner part of the keel’s lip. A small

region of supersonic flow can also be observed inside the inlet at the keel position.

Moy =1.206
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Fig. 14 Mach Number contours at cruise for: (a) axisymmetric nacelle with AoA = 0°, (b) axisymmetric nacelle
with AoA = 5%, (¢c) AoA = 5° and a droop of 4° using method 1, (d) AoA = 5° and a droop of 4° using method 2 .

The results obtained for Cp and M4y, for the cases with AoA = 5°, are compared in Table[7] By drooping the
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nacelle in four degrees using method 1, the shock strength at the fan cowl is clearly reduced (see Fig. [T4p and c). The
My, 4y drops from 1.394 to 1.206. The shock is further weakened by using the droop method 2, and M,,,, decreases to
1.109, also for AoA = 5° (see Fig. ). Furthermore, Cp was computed for the cases with AoA = 5°, being 0.0580 for
the axisymmetric nacelle (Fig. [[4p), 0.0574 for the droop method 1 (Fig. [T4k), and 0.0569 for the droop method 2 (Fig.
[T4d). A reduction in drag of 1.0% was achieved by using method 1, and of 1.9% by using method 2, compared to the
axisymmetric geometry. The obtained results reinforce the statement that the droop is performed to align the flow with

the inlet and reduce drag at cruise.

Table 7 Cp and M,,,, results for the studied cases with AoA = 5°

Case Cp  Mpax
Axisymmetric ~ 0.0580 1.394
Droop method 1  0.0574  1.206
Droop method2  0.0569 1.109

The benefit caused by drooping the inlet can be explained by comparing the 2D nacelle profiles to airfoils. By
drooping the crown, as the highlight position moves forward and inwards, the camber angle increases and the incidence
between the incoming flow and the mean camber line decreases. For the keel, the local incidence decreases by decreasing
the camber angle. The result is that both the mean camber lines are better aligned to the incoming streamlines,
occasioning less acceleration around the lip.

The pressure distribution for the crown and the keel are depicted in Fig. and Fig. [I5p, respectively, whilst the
isentropic Mach number is shown in Fig. [I3k, for the crown and in Fig. [I5{, for the keel. In Fig. [I5p, on the fan
cowl, a sudden increase in pressure can be observed for all the cases with AoA = 5°, which occurs just after the shock
region. The jump in pressure is the lowest for the droop method 2 case, and the highest for the axisymmetric case,
whilst for AoA = 0°, the pressure variation occurs smoothly downstream of the lip. This suggests that the performance
improvement achieved by drooping the inlet is manly caused by a reduction in pressure drag.

For the keel, the shocks are very weak or nonexistent on the fan cowl and thus no abrupt changes in pressure are
observed (see Fig. E})). Nevertheless, small zones of intense suction can be observed internally in the inlet, near to
its throat. This is caused by a supersonic acceleration region, which can be problematic in case the MFR increases
significantly. The droop method 2 was selected to proceed with the nacelle design, since it provided better results, in

terms of drag, compared to method 1.

2. Wing maximum lift coefficient

The starting point for the wing C; _  operating condition was the geometry generated using the droop method

max

2, discussed in the previous section. Not surprisingly a highly separated flow on the lower part of the nacelle was

obtained as a result of the CFD computations. To solve this problem, it was necessary to camber down the keel and
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Fig. 15 Pressure distribution at (a) crown, (b) keel and isentropic Mach number distribution at (c) crown, (d)
keel for the cruise operating condition .

increase the internal lip thickness. The former solution, similarly to what has already been discussed for cruise, reduces
the incidence angle by better aligning the incoming streamlines with the inlet shape. The latter provides a smoother
variation in pressure over the inlet and weaker pressure gradients caused by shocks. Moreover, it was found that, for the
current operating condition, the lip separation problem can be solved locally on the keel position, without the necessity
of reshaping the crown or the MHB profiles.

Six test cases were prepared to show the reader the design parameters which play major role on high incidence
operating conditions, and their influence on the flow field. Table[§]shows the main keel design parameters for each case.
The non-dimensional leading-edge radius of curvature f, was initially 0.75 for the purely drooped geometry. It was
increased to 1.0 to create case CL1. Case CL2 was created by shifting the highlight position downwards, which was
achieved by increasing the rp,; /7,4, parameter. Case CL3 was then constructed by raising the lip aspect ratio a/b and
hence the throat axial position. Cases CL4 to CL6 were created by modifying singular parameters in case CL3. Case
CL4 employed a reduction in contraction ratio r%”. / rtzh. In CLS5 the droop was removed and, finally, f;, was decreased to
create CL6. The MHB design input parameters were defined as the mean values of the crown and keel ones. Figure [I6h
shows the keel profiles obtained for cases CL1, CL2 and CL3 and the baseline axisymmetric case, whilst figure[T6b
depicts the profiles for cases CL3 to CL6.

Figure [T7) shows the M contours around the keel’s inlet. Due to the high AoA, the stagnation point is moved

downwards, over the outer part of the inlet. This requires the streamlines in the vicinity to perform a severe turn over the
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Table 8 Main design parameters for the wing Cj,

Case rpi/fmax  fie 1 /r3,  alb 04 (°)
CL1 0.87 1.0 1.135 2.25 4.0
CL2 0.88 1.0 1.135 2.25 4.0
CL3 088 1.0 1135 50 40
CL4 0.88 1.0 1.115 5.0 4.0
CL5 0.88 1.0 1.135 5.0 0.0
CL6 0.88 0.75 1.135 5.0 4.0

*

Baseline
- = CL1
=—==CL2
....... CcL3 (a)

....... CcL6 (b)

Fig. 16 Inlet keel profiles for the wing C;__ cases.

max

lip (see Fig. [[7h) and, as a result, a high acceleration zone is formed downstream of the highlight, inside the inlet. As it
can be seen Fig. [T7] boundary layer separation occurs for all the cases but CL3. For cases CL1, CL2, shocks are formed
in the inner part of the lip, between the highlight and the throat, and boundary layer separation occurs just downstream
of them. For cases CL4 and CLS5 the shocks occur in a small region at the highlight’s proximity and are followed by
severe adverse pressure gradients, causing separation to happen instantaneously. In case CL3, a strong shock is formed
on the inner lip, however, the change in curvature is smooth enough to prevent an excessively strong pressure gradient.
Consequently, the boundary layer remains attached. In case CL6, the reduction in f;, causes more abrupt curvature
gradients to be followed by the streamlines, resulting in a shock induced separation downstream of the highlight.

It is interesting to notice that drooping the nacelle not only reduced the drag at cruise but also played a fundamental

role in avoiding separation at the wing C; _  condition. Literature suggests that the major reason for drooping the inlet

max
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Fig. 17 Mach number contours for cases (a) CL1 (b) CL2 (c) CL3 (d) CL4 (e) CL5 (f) CL6.

is to improve the aerodynamic performance at cruise and that its effects at low speed conditions are merely marginal
[22,[49]. On the contrary, for the particular case studied, droop has shown to be highly beneficial for both cases, as it
can be observed by comparing Fig. [I7](c) and Fig. [T7](e).

The keel pressure and isentropic Mach number distributions for cases CL1, CL3 and CL4 are plotted in Figure [T8h
and[I8p, respectively. It can be seen that, the pressure rise is the steepest for the case CL4, where separation starts just
downstream of the highlight and the smoothest for the attached case, CL3. The pressure gradients in CL1 are not as
severe as in CL4, although strong enough to cause lip separation.

The values of MFR and D Cy are presented in Table[9] As expected, distortion is very low for case CL3, where
the flow is attached. Case CL5 presented the highest levels of distortion. Furthermore, the computed MFR values are
typical for the current operating condition [12]. The DCgg values were compared to the ones found in [17,46], and they

are similar for both fully attached and highly separated cases.

Table 9 MFR and D Cg results for the studied cases

Case  MFR DCygp

CL1 1.5049 0.0964
CL2 1.4884 0.0839
CL3 1.4880 0.0182
CL4 1.4873 0.0884
CL5 1.4896 0.1567
CL6 1.4869 0.0753
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Fig. 18 Keel Pressure distribution (a) and isentropic Mach number (b) for cases CL3, CLS5 and CL6.

3. Takeoff Rotation

The same geometry from case CL3 was tested for the take-off rotation condition. The M contours from the CFD
computations are shown in Fig. [T9] No evident problems with the flow field were detected. Some acceleration can be
observed in keel’s inner lip, however the flow never reaches supersonic velocities. The computed MFR was equal to

1.41 and DCgp to 0.0063.

Fig. 19 Contours of Mach number for the TO rotation operating condition.
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4. Crosswind

Different than expected, the crosswind separation problem could not be solved by simply employing a local change
in geometry on the MHB position. In fact, for the most severe cases, the separation zone can extend from a region
leeward of the keel to a position leeward of the crown, covering more than 180 degrees of the nacelle annulus. Therefore,
to achieve a separation-free design, a severe shape modification had to be performed both in the crown, MHB and keel
positions.

Three test cases were settled in order to elucidate how the main design parameters impact the inlet separation and
distortion under the crosswind condition, referred to as CW1, CW2 and CW3. Figure [215] shows the inlet profiles for
the: (a) crown, (b) keel and (c) windward MHB. The case CW1 consists of the same geometry presented in CL3,
but now under the crosswind condition. For the case CW2, the following modifications were applied: The crown f;,
and contraction ratio were increased by 20% and 4.9%, respectively. For the keel, the contraction ratio, rp; /7qx and
T'max [T fan Were increased by 3.4%, 0.6% and 2.5%, respectively. Also, increases of 25.7% in fi., 10% in contraction
ratio, 1.26% in 7,,,4x /7 an, and a decrease of 39% in lip aspect ratio were performed for the MHB. Note that, despite of
a lower lip aspect ratio, the axial position of the throat is moved downstream, since the lip height is greater. For case
CW3, the keel and the MHB were kept the same as CW2, whilst a 33% increase in f., 5% increase in contraction ratio
and 47% decrease in lip aspect ratio were employed to the crown. The design parameter values used in each of the
crosswind cases are shown in Table Note that changing the parameter 7,,4x /7 ran is rather undesirable, since it
increases the nacelle thickness and hence skin friction drag and weight. Nonetheless, it was necessary to provide a

rounder lip, with a smother change in curvature, at the same time as cambering outwards the keel and MHB.

Table 10 Major design parameters used for the crosswind test cases

CW1 CWw2 CWw3
i Tmax 2 Tmax 2 Tmax
Jie S S alb Je A T oalb Je A e alb
th th th
Crown 0.75 1.135 1.19 225 1.2 1.25 1.19 1.9 09 1.19 1.19 225
MHB 0.875 1.135 1.19 3.625 1.1 125 1205 22 1.1 125 1205 22
Keel 1.0 1.135 1.19 5.0 1.0 1175 122 50 1.0 1175 122 50

Fundamentally, lip separation under crosswind is avoided the same way as in the wing C;___ condition: by better

aligning the local streamlines with the inlet mean camber line and by providing a smooth change in curvature over the
fluid’s path. The difference is that now the phenomena is far more three-dimensional than before and cannot be solved
merely by local geometry adjustments.

Figure [21| shows the total pressure contours plotted on the fan face and on the iso-surface of zero axial velocity

for the studied cases. The latter represents the boundary surface of the separated zone. It can be noticed that a large

separation zone, covering more than 180 degrees of the nacelle annulus, is formed in case CW 1. The separation zone
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(a) Crown Inlet Profile

(b)
—-—CW1
——CW2
- —CWwW3
(c) MHB Inlet Profile

Fig. 20 Inlet profiles for the (a) crown, (b) keel and (¢) windward MHB.

area was decreased in CW2, covering only the upper part of the inlet, and vanished completely in CW3.

CROWN CROWN CROWN Total Pressure [Pa]
1.10e+05
1.05e+5
1.00e+5
MHB B¢ 50e+4
9.00e+4
— 8.50e+4
— 8.00e+4
— 7.50e+4
— 7.00e+4
— 6.50e+4
— 6.00e+4
5.50e+4
5.00e+4
4.50e+4
4.00e+4
KEEL KEEL 3.50e+4

(a) cw1 (b) CW2 (c) cw3 3.00e+04

Fig. 21 Total pressure contours plotted on the separation zone, represented by the iso-surfaces of zero axial
velocity, for cases (a) CW1 (b) CW2 (¢c) CW3. The iso-surfaces were restricted to the internal part of the inlet.
No boundary layer separation was detected in case CW3.
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Table E] shows the computed MFR, DCgp and M, for the crosswind simulations. In case CW1 and CW3,
DCgp was computed by using a 60-degree sector sweeping the most windward position at the fan face, extending
circumferentially 30 degrees above and 30 degrees below the MHB. For the case CW2, however, the sector was rotated
in 55 degrees to cover the mostly distorted area. The high values of MFR are caused by high engine mass flows and very
low speeds, causing the stream-tube captured area to be extremely large. DCg is the highest in case CW2, because,
although the separation area is smaller than in CW1, it imposes a larger local loss in total pressure. For CW3, where the

boundary layer is fully attached, the DCgp value is very low, as expected.

Table 11 Crosswind results

Case MFR DCeo Myax
CW1 7.0856 0.1567 1.222
CW2 6.8876 0.1604 1.486
CW3 6.8890 0.0025 1.501

The isentropic Mach number M;; distributions are plotted in Fig. 22] on the crown, MHB and keel positions, for

the studied cases. A similar behavior to the wind C;

max

is observed, where the steeper the drop in M;,, and hence the
raise in static pressure, the more prone to separation the flow is. Particularly for the MHB in cases CW2 and CW3 two

successive shock were detected, the first being strong and the second weaker, as depicted in Fig22k.

D. Design Choices

The geometries presented in cases CL3 and CW3 were selected and tested for the remaining operating conditions.
This section brings a comparison between the two designs at cruise and a discussion about the design options which
should be considered from now on. Figure [23]shows the M contours for (a) CL3 and (b) CW3. For CL3 the M,y is
equal to 1.114 and Cp to 0.0572, whilst for CW3 the M,,,, is equal to 1.225 and Cp to 0.0601. The increase in drag
from CL3 to CW3 is equal to 5.1%, besides, the fan cowl shocks are stronger and the velocities near the inlet’s throat are
close to sonic for CW3. Moreover, the constraint in M4, of 1.2, established as a design criterion, was not achieved.
On the other hand, a fully attached flow was obtained under all the other operating conditions.

The CL3 design is the best for cruise, also behaving well for TO-rotation and wing C;__ _ conditions. However, the

flow is highly separated when subjected to crosswind, with relatively high levels of distortion. Although the designs
shown in this paper do not represent optimum solutions, they serve as a good indication that some substantial cost in
drag should be payed in order to avoid inlet separation.

In face of the aforementioned facts, the aerodynamic designer has two options: The first would be go for the lowest
possible drag at cruise and employ active flow control mechanisms, such as blow-in doors, to avoid separation and

alleviate distortion. The second would be to pay some price in drag and further iterate on geometry CW3 to reduce

the amount of increased drag. Both cases will have some further cost in weight. The former solution would add the
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weight of the flow control mechanisms, whilst the latter would be heavier due to an increased nacelle thickness. Which

decision is the best, however, goes beyond a purely aerodynamic assessment and is out of the scope of the present paper.
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————— ()

Fig. 23 Contours of Mach number at cruise for the two possible design choices: (a) CL3 and (b) CW3.

IV. Conclusions

A novel methodology for multipoint design of ultra-short nacelles has been developed. The modified parallel
compressor method was developed and validated, and it has shown to be able to reasonably predict the fan behaviour,
for distorted incoming flows, with low computational cost and few input variables. Several nacelle test cases were
presented under different critical operating conditions and a thorough discussion on the flow field behavior was given
for them. The most impacting design parameters for each operating condition were highlighted and discussed. Two
nacelle geometries were selected and a discussion on different design options was performed.

The major contributions brought by this article are: 1) provide new methods and tools capable of designing
ultra-short nacelles which operate well under the most critical aircraft operating conditions, free of strong shocks and of
internal inlet separation. 2) Identify the main parameters for the design of ultra-short nacelles and how they affect the
flow field.

The major findings obtained with the current research were: 1) drooping the inlet has the potential for weakening
shock waves at the fan cowling and reducing drag at cruise, as literature suggests. Moreover, particularly for ultra-short

nacelles, it has shown to have a strong impact on high-incidence/low-speed internal inlet separation; 2) Results suggest

39



that crosswind is the most critical condition among the selected ones, and it requires the nacelle to be drastically
reshaped in order to guarantee fully attached flow, leading to a considerable increase in drag at cruise; 3) Each of the
operating conditions has its own particularities when it comes to shaping the nacelle, nonetheless, the same fundamental
principle can be applied to all of them, which is providing a good alignment of the local nacelle mean camber line with
the incoming streamlines, and assuring a smooth change in curvature throughout the path of the streamlines.

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.
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