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The inherent mathematical smoothness of intuitive class shape transformation (iCST) curves has been
shown to be suitable for the design of aerodynamic shapes. However, this property means that any
changes to a constraint are not local but will result in a modification to the whole curve. This poses
a problem to the aerodynamic designer when different parts of the curve are required to fulfil particular
design requirements. A Hybrid iCST (HiCST) parameterisation approach is proposed which allows two
sections of a single aero-line curve to be decoupled, without geometric discontinuity, whilst maintaining
the dimensionality of a design problem. The HiCST approach has been tested on two key aerodynamic
components of an aero-engine. Firstly, a design space exploration and optimisation were carried out
for an aero-engine fan cowl. A comparison of Pareto fronts showed a 3.9% reduction in the minimum
achievable nacelle drag from the iCST to the HiCST parameterisation. Secondly, aero-engine intakes
were designed with both the iCST and HiCST parameterisations. The HiCST intake showed improved
aerodynamic performance in terms of DCgp and IPR and proved more insensitive to changes in massflow
and incidence. This development of the method for an aero-engine fan cowl and intake highlights the

Keywords:

Class shape transformation curves
Parametric design

Civil intakes

Fan cowl design

Turbofan engine aerodynamics
Computational fluid dynamics

potential aerodynamic benefit from the proposed HiCST method.
© 2019 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Aerodynamic shapes can be represented in a number of ways.
The most basic approach is to construct the shape from a point
cloud of co-ordinates. This method requires a large number of de-
sign variables to guarantee a smooth and accurate shape [1]. Other
parameterisation approaches range from general mathematical de-
scriptions of curves and surfaces including B-splines [2], Bézier
curves [3], Non-Uniform Rational B-splines (NURBS) [4,5], as well
as methods developed particularly for aerodynamic shapes such as
Hicks-Henne Bump functions [6,7], the PARSEC method [8], and
the Class-Shape-Transformation (CST) approach [9-12]. An alter-
native approach is free-form deformation (FFD) [13] which allows
smooth global deformations of the reference shape and can reduce
the overall number of design variables [14].

The choice of parameterisation method has a profound effect
on the design space and is a key decision in the design process
[15]. Two key considerations for the aerodynamic designer are the
number of and intuitiveness of the design variables. The PARSEC
parameterisation method is an aerodynamically intuitive approach
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however it is unable to provide the required flexibility for airfoil
design [16]. It is unable to provide high flexibility because it fails
in the inverse design for some airfoils [17].

Bézier curves have control points which are only indirectly
related to resultant aerodynamic performance [18]. A combined
Bézier-PARSEC parameterisation was developed which combines
the advantages of the Bézier approach with the more aerodynam-
ically oriented parameters of the PARSEC method [18]. CST curves
are known from wing profile design to create aerodynamically use-
ful shapes [9,10]. This method is capable of producing a wide range
of aerodynamic shapes in a universal way with a small number
of design variables [9] including turbofan exhausts [19], helicopter
blade profiles [20,21], aircraft bodies [22-24], mail slot intake-
nozzle nacelles [25] and fan blade geometric perturbations [26].
The CST method uses a relatively small number of design variables
but similarly to Bézier curve methods the requirement for the de-
sign parameters to be physically intuitive to a designer is not met
[16].

The PARSEC [8] parameterisation was previously combined with
the highly flexible CST parameterisation method [16]. This intuitive
CST (iCST) approach is a transformation of the CST parameterisa-
tion method to a full set of intuitive parameters by a transfor-
mation matrix [16]. The iCST approach has been generalised to
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a system which analytically calculates the transformation matrix
for a set of arbitrary constraints [27,28]. iCST curves have been
shown to be suitable for the design of aerodynamic shapes due
to their mathematical smoothness [28]. However, any change to a
curve parameter has an effect on the entire curve [29]. It may be
that different parts of the curve that defined the aerodynamic cure
(aero-line) are required to fulfil different design requirements. In
this case the use of a single iCST curve will lead to a compromise
between the different design requirements. One approach to over-
come this limitation is to decouple parts of an iCST curve through
the use of multiple intersecting iCST curves. The level of geomet-
ric continuity at the intersections can be controlled by specifying a
derivative constraint of the requisite order. This decoupling can be
achieved without additional user constraints or increasing the or-
der of the parameterisation. In the current work these intersecting
iCST curves are termed Hybrid iCSTs (HiCSTs).

The aerodynamic benefit of constructing an aero-engine fan
cowl and an intake with a HiCST as opposed to an iCST param-
eterisation is investigated. Nacelle drag characteristics are inves-
tigated through 2D axisymmetric Computational Fluid Dynamics
(CFD), while the intake aerodynamic performance is assessed with
3D CFD. These aerodynamic components have been chosen because
they represent challenging aerodynamic design problems with con-
flicting design requirements due to the range of underlying flow
mechanisms and the range of operating conditions.

2. Methodology
2.1. CST curves

A CST curve is formed by the product of a Class Function (C(y/))
and a Shape Function (S(¢)) plus a parameter (Aé&;) which con-
trols the trailing point offset as follows,

X
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where ¢ is the curve length in the x-direction [9,10]. The Class
Function is chosen to be geometrically similar to the final CST
shape. The shape function comprises a set of Bernstein Polynomi-
als. These polynomials form a partition of unity and as such by
applying a coefficient to each polynomial the resultant CST shape
can be controlled. Bernstein Polynomials also have infinitely con-
tinuous derivatives [9]. Therefore when a mathematically smooth
Class Function is chosen, the CST curve is also mathematically
smooth. This property of CST curves has been shown to be suitable
for the design of aerodynamic shapes [28]. An example of such a
class function which describes basic external aerodynamic shapes
through different exponent combinations takes the form [9]:

Cn @) =yM—y1™ for 0<y <1 (2)

The exponents (N1 and N3) in Equation (2) can be altered to create
a range of aerodynamic shapes including, Sears Hack (CJ72), cone
(€%, biconvex (C}9), elliptic (C3:2) and a round nosed airfoil
(C?:g ). This last Class Function (C?:g) is commonly used to describe
wing sections, aero-engine intakes and fan-cowls [28]. When this
Class Function is employed the first and nth Bernstein Polynomial
Coefficients can be analytically calculated from the constraints ap-
plied to the CST curve (Eq. (3)). Unlike other Bernstein Polynomial
coefficients they are not a function of other Bernstein Polynomial
coefficients. The Oth and nth Bernstein Polynomial Coefficients are
defined as,
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Fig. 1. 5th order Bernstein Polynomials.

where Ry is the radius of curvature at ¢ =0 and tan g is the gra-
dient at ¢ =1 and [9].

2.2. iCST curves

Modifying CST shapes by manipulating the Bernstein Polyno-
mial coefficients is non-intuitive to the aerodynamic designer, with
no obvious link to familiar aerodynamic or geometric parameters.
This drawback of CST curves has been addressed by the develop-
ment of iCST curves [16,28]. The iCST method allows the analytical
calculation of the Bernstein Polynomial coefficients as a function
of any constraints imposed by the designer. These constraints can
take the form of a positional hard-point through which the curve
must pass or an imposed nth derivative at a specified ordinate. A
linear set of equations (Eq. (4)) can be constructed,

A-X=B (4)

where A, B and X are the matrices of coefficients, constant terms
and solutions respectively. For every geometrical constraint im-
posed upon the curve an equation is added to the linear set of
equations (Eq. (4)) which relates the constraint to the Bernstein
Polynomial coefficients through Equation (5) [28].

i=

= [i [bPiKi,n (W (1- w)nfi)] C(y)+ ‘/’ASte:I(k) (5)

The shape function and its derivatives can be solved by using the
fact that derivatives of the kth degree Bernstein Polynomials are
polynomials of degree k — 1 and can be written as a linear com-
bination of Bernstein Polynomials (Eq. (6)) [28]. The solution of
Equation (5) is then straightforward and Equation (4) can then be
inverted (Eq. (7)) to solve for the Bernstein Polynomial coefficients.

d
EBPi,n(‘/f) =n[BPr_1n-1(¥) — BPra_1(¥)] (6)
X=A1.B (7)

2.3. Hybrid iCST methodology

The mathematically smooth nature of iCST curves has be shown
to be suitable for the design of aerodynamic shapes [28]. A major
consequence of this property is that the whole curve is altered by
changes to a constraint. The contribution of each Bernstein Polyno-
mial to the Shape Function is shown in Fig. 1. The control points,
X, the abscissae of the maximum of the ith Bernstein Polynomial
[29] are highlighted. The ith control point is the point of maximum
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Table 1

Constraints for an example iCST parameterisation and equivalent HiCST of the same
order with rate of change of curvature continuity at the intersection point. The
HiCST is composed of two curves, a forebody curve (HiCST,) and an afterbody
curve (HiCSTg)).

iCST HiCST4 HiCSTp
# Type 4 ) R R
C1 Position 0.0 &ly=0.0 &ly=0.0 &ly=0.0
Cc2 Position 10 Ely=10 Ely=10 Ely=10
Cc3 R 0.0 Rly=0.0 Rly=0.0 Rly=0.0
C4 Position Yint Eline ElYine Eline
Cc5 Gradient Yint 0.0 0.0 0.0
c6 2nd derivative Vint n/a nja Ef) [Wine
c7 3rd derivative Vine nj/a nfa E i
cs8 2nd derivative 1.0 E@|y_10 nfa ED|y_10
C9  Gradient 1.0 EVycio Voo Vg0
g ‘ ‘ ‘ ‘
' — iCSTr — HiCSTr
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Fig. 2. Geometry, first and second order spatial derivatives of r w.r.t. to x and the
imposed constraints for Fan Cowl A (iCST) and Fan Cowl B (HiCST). (For interpreta-
tion of the colours in the figure(s), the reader is referred to the web version of this
article.)

influence for the ith Bernstein Polynomial. The Oth and nth Bern-
stein Polynomials are the only polynomials to influence the Oth
and nth control points respectively. All other control points are in-
fluenced by all n Bernstein Polynomials. The consequence of this to
an aero-line designer is that a modification of any iCST constraint
will modify the whole curve. No part of the curve can be designed
in isolation.

In some cases the use of a single iCST curve will lead to a com-
promise between the different design requirements. For example,
an intake designer may design an intake lip to control local flow
acceleration and an intake diffuser to control flow diffusion [28]. If
this intake is constructed with a single iCST curve then a trade-off
will have to be made between the lip and diffuser aerodynamic
performance. An alternative approach which used multiple, inter-
secting iCST curves would decouple the curve at the intersection
points. This decoupling can be achieved without additional con-
straints or an increase in the order of the parameterisation. The
level of geometric continuity at the intersection can be controlled
by specifying a derivative constraint of the requisite order. In this
work these intersecting iCST curves are termed HiCSTs.

To illustrate the HiCST approach the constraints for a previously
employed fan-cowl iCST parameterisation [30,31] and equivalent
HiCST of the same order with rate of change of curvature con-
tinuity at the intersection point are given in Table 1 and Fig. 2.
This parameterisation uses the round nosed, sharp trailing edge
airfoil Class Function (C(l):g). If more precise control of the geom-
etry is required further positional and derivative constraints can
be imposed. The radius of curvature, (R), is specified at the lead-

ing edge, a local maximum is imposed and a gradient and 2nd
derivative is specified at the trailing edge. Outlined here is the
methodology to calculate the 4 Bernstein Polynomial coefficients
for the iCST aero-line. For this Class Function, (C(l)_'g), the first and
fourth Bernstein Polynomial coefficients for the iCST aero-line can
be calculated with Equation (3). Equation (3), in conjunction with
the constraints C.3 and C.9 (Table 1) can be rewritten as Equa-
tion (8).

bpo = /2Rly—00 ; bpa=£D|y_10+E&ly=10—Ely=00  (8)

The remaining three Bernstein Polynomial coefficients depend
on constraints C.4, C.5 and C.8 and can be calculated with Equa-
tion (7). A is the matrix of coefficients and is given by:

a1 a12 413
A=| a1 a2 a3 9)
as1 as 033

B is the matrix of constants which is defined as:

T
B=[bio b2o b3o] (10)
Finally X is the matrix of Bernstein Polynomial coefficients:

T
X=[bp1  bps  bps] (11)

Constraint C.4 (Table 1) is a positional constraint, therefore k =0
and Eq. (5) can be rearranged to isolate the function coefficients
and constant terms as given by Eq. (12) and Eq. (13) respectively.

a1,n =[BP1n+ BP2n... + BPn_1]C(¥) (12)
b1,0=8& — AoBPonC(¥) — AnBPnnC(y) — ¥ Adte (13)

k =1 for constraint C.5 (Table 1) as it is a first derivative con-
straint. The coefficients and constant terms in Eq. (5) are given by
Eq. (14) and Eq. (15).

azn=[BP1n+BPyy... + BPn—],n]/C(l/f)
+[BP1n+ BPan...+BPn_141C"(¥) (14)

byo =& (¥) — Abte — AoBPo.nC' () — AnBPnnC'v
— AoBP) ,Cy — ApBP}, ,Cy  (15)

The third and final constraint for the iCST aero-line, C.8, is a second
derivative constraint. The function coefficients and constant terms
from Eq. (5) can therefore be written as:

a3n =[BP1n+ BPyp... + Bpnfl,n]//c(l/f)
+2([BP1,n+ BP2j... + BPn—],n]/C(I//)/)
+ [Bpl,n + BPZ,nm + BPn—l,n]C//(W) (16)

b3 o =£"(¥) — AoBPonC" () — AnBPnnC
—2[AoBPy ,C'(¥) + ApBP;, . C'yr] — AgBPg ,Cyy — AnBP;, .Cy
(17)

The HiCST curve is constructed from a forebody curve (HiCST4)
and an afterbody curve (HiCSTg). These HiCST4 and HiCSTp curves
(Table 1) can be calculated in the same way as the iCST curve with
the only differences being their order (3rd and 6th respectively)
and that the HiCSTp curve has a third derivative constraint. G2 ge-
ometric continuity is ensured by setting C.6 and C.7 equal to the
first and second derivatives of HiCST 4 evaluated at the intersection
point. Further G" geometric continuity could be ensured in a sim-
ilar manner by the imposition of derivatives up to the nth order.
For a 6th order CST the matrix of coefficient becomes:
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a,n a2 ... 0415
a1 az2 ... s
=| . . ) (18)
as1 0452 ... 0455
B is the matrix of constants which is defined as:
T
B:[bl’g bao... bS,O] (19)
X is the matrix of Bernstein Polynomial coefficients:
T
X:[bm bp,... bp5] (20)

Finally the CST function coefficients and constants for a third
derivative constraint are given by Equations (21) and (22)

ain=[BP1n+BP2n...+ BPh_14]"C(¥)
+3([BP1n+ BPap... + BPy_1n]'C(¥)"
+[BP1n+ BP2y... + BPp_121"C(¥))
+[BPyn+BPyp...+BPp_14]C" () (21)

bio=§"(¥) — AgBPonC" () — AuBPnnC" v
—3[AoBPy ,C"(¥) + AoBPg ,C'(¥)
+ AnBP; ,C"Y + AnBPy ,C'Yr]
— AoBP(',Cy — AnBP} Cy  (22)

n,

3. Case study 1: fan cowl aerodynamics
3.1. Problem statement

There is a need to develop more compact fan-cowls for aero-
engines to reduce drag and weight [31]. These designs are inher-
ently more challenging having been demonstrated to potentially
result in very high wave drag [32,33,30] and an approach is re-
quired to explore and define the viable design space. The method
should be capable of producing realistic shapes with smooth
curves, reproduce a wide variety of different designs with a small
number of input variables, be intuitive and be homogeneous in
the design space [31]. This makes fan cowl design an ideal config-
uration to test and demonstrate the potential benefits of the HiCST
parameterisation allowing more design fidelity without an increase
in the dimensionality of the parameterisation.

Firstly, a design space exploration with Latin Hypercube Sam-
pling was performed which consisted of 400 geometries. Secondly,
a multi-objective optimisation was carried out to assess the im-
pact on Pareto-optimal geometries due to changes in the geomet-
rical parameterisation. Finally, the detailed aerodynamics of two
fan cowl designs are discussed to explain the underlying cause of
the improvement in integral aerodynamic parameters.

One significant challenge of nacelle design is the broad range
of operating conditions at which they need to perform adequately
[31]. Therefore, the present analysis was conducted for different
flight conditions that are met during the aircraft mission. The
flight conditions were set to reflect the operating conditions for
future turbofan engines with Mo, = 0.85, MFCR = 0.7; M, = 0.87,
MFCR = 0.7; My, = 0.85, MFCR = 0.65 at h = 35kft to assess the
mid-cruise drag, impact of increased Mach number and spillage
drag relative to mid-cruise drag, respectively.

3.1.1. Fan cowl aerodynamic performance assessment methodology

To determine the performance of the fan cowls from the CFD
data, the modified near-field method [34] was used. The fan
cowl drag (Dnqc) [35] includes contributions from pre-entry (¢pre)

lnac — Lsore
frnae = 1,

nac
Brac

L
I:/\

(a) Fan cowl parameters

lfore

Tmaz

lint L

Lip laiff

Thi
Tth

z T
(b) Intake parameters (c) Intake curvature parameters

Fig. 3. Geometric parameterisation.

stream-tube force, skin friction and pressure which acts on the ex-
ternal fan cowl surface and post-exit forces (¢post) (Eq. (23)). The
modified near field method allows the pre-entry stream-tube force
and fan cowl external forces to be computed concurrently so that
the highlight stagnation point does not need to be determined. The
post-exit bounding stream-tube was determined from the trailing
edge of the fan cowl and the pressure forces integrated along it to
calculate the post-exit axial force.

Dnac = ‘ppre + ¢nac + ¢post (23)

Three performance metrics are considered for the two fan cowl
designs. The most important aerodynamic metric in fan cowl de-
sign is the drag incurred in cruise. This is represented as a coef-
ficient of drag at mid-cruise (cp cruise) Which for the considered
engine cycle corresponds to M., = 0.85, MFCR=0.7, Re = 38 x 106.
However, throughout cruise, the mass flow of the engine is typi-
cally reduced to account for the reduced mass of the aircraft and
the lower incidence required as fuel is burnt. As a result, the MFCR
is reduced and there is an associated spillage drag [36]. The im-
pact of this spillage is sufficiently important such that the range
of MFCRs throughout cruise should be considered. In this work the
spillage drag (cp spin) is defined as the change in drag between
the cruise condition (M = 0.85, MFCR =0.7) and an end of cruise
condition (M = 0.85, MFCR = 0.65).

Another key metric for nacelle aerodynamic performance is the
sensitivity of the nacelle drag to increases in flight Mach number
[36,31]. For large computational datasets such as those investigated
in §3.5.1 and §3.5.2, sensitivity to increased flight Mach number
can be assessed with Equation (24) [31].

Dnac, M=Mso+0.02 — Dnac,M=M
1
7 Poo VgoAhi

ACp_Mach = (24)

3.2. Geometric parameterisation

A design space exploration and optimisation was carried out
on five nacelle geometric parameters, ri, 'max» fmax» Bnac, TTE
(Fig. 3a) for a fixed highlight (lj;¢, ;) and trailing edge position
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Fig. 4. Computational meshes and domains for the 2D fan cowl CFD calculations.

Table 2

Sample fan cowl parameterisa-

tion (Fig. 3a).
# Parameter
P.lfc Thi
P25 Tte/Thi
P.3f¢ Inac /Thi
P.4gc Tif [Thi
P~5fc Tmax/Thi
P-ch fmux
P-7fc Brac

Table 3
Constraints for Fan Cowls A and B.

Fan Cowl: A B (Forebody) B (Afterbody)
# Type v £ £ V@)
Clye Position 0.000 0.263 0.263 0.263
C2fc Position 1.000 0.240 0.240 0.240
C35c R 0000 57x1073 57x1073 5.7x 1073
Cdje Position 0.307 1172 1172 1172
C5fc Gradient 0.307 0.000 0.000 0.000
C6fc  2nd derivative 0307 nja n/a Z% —
C7¢c 3rd derivative 0.307 n/a n/a ZBT{ —
C8¢c 2nd derivative 1.000 -4.431 n/a -4.431
C9yc Gradient 1.000 0.217 0.217 0.217

(lnac — lint, Tte). Additionally an iCST designed fan cowl (Fan Cowl
A) and its corresponding HiCST design (Fan Cowl B) have been se-
lected from the DSE to illustrate both how the geometric parame-
terisation was applied and the potential aerodynamic improvement
in cruise (§3.5.3).

The selected fan cowls had a fineness ratio (2rugx/Lnac) of 1.62
(Fig. 3a). The highlight, (ry;, Fig. 3a), trailing edge radius, (re,
Fig. 3a), and maximum radius, (rmqy, Fig. 3a), were representa-
tive of a slim fan cowl design. The axial location of the maximum
diameter was defined by an fiax, (Lfore/Lnac) Of 0.307. Finally a
boat-tail angle (Bnqc) of approximately 12° was used (Table 2 and
Fig. 3a).

The fan cowl parameters can be turned into iCST constraints
by non-dimensionalising with I4. (Fig. 3a). For Fan cowl A, which
used the iCST parametrisation, this resulted in 7 constraints. Two
of these constraints (C.15, and C.2¢., Table 3) dimensionalise the
curve and set the endpoints. The remaining 5 constraints (C.3y,
to C5¢c, C8f¢, C9¢c, Table 3) result in a 4th order iCST curve.
The HiCST parameterisation of Fan Cowl B is more complicated,
comprising two iCST curves which intersected in x, y, y’, y” and
y”" at the maximum radial position (Fig. 2). The fan-cowl fore-body
and after-body are formed by parts of two separate iCST curves
(Fig. 2).

To improve the curvature distribution over the fore-cowl the
order of the fore-body HiCST curve was reduced by removing con-

straint C.8¢. (Table 3). This 2nd derivative constraint along with
the co-located gradient constraint (C.9¢.) set the trailing edge ra-
dius of curvature (Eq. (25)). This means that the fore-body HiCST
has an order of 3. To ensure curvature (G2) and rate of change of
curvature (G3) continuity [37] at the maximum diameter two ad-
ditional constraints were imposed on the after-body HiCST (C.6.
and C.7¢c). The magnitude of these constraints was set equal to
that of the fore-body HiCST. In this way, though the order of the
curve is increased (from 4 to 6), the overall degrees of freedom
between Fan Cowl A and B remain unchanged.

o= — (25)
@]
+(%)

The HiCST fan cowl, Fan Cowl B, consisted of a fore-body and an
after-body which had different parameterisations. The constraints
applied to the curves are summarised in Table 3. The iCST param-
eterisation has 7 design parameters (Table 2) which are translated
into 7 constraints (Table 3) on a fourth order iCST curve. Although
the HiCST curve is constructed from two iCST curves of order 3
and 6 respectively it has the same number of degrees of freedom
as the iCST parameterisation. This is because the same 7 design
parameters (Table 2) are used for both and the additional con-
straints applied to the HiCST after-body curve (Table 3) are fully
defined by constraints C.15. to C.5¢. and C.9¢.. This is an impor-
tant aspect of the HiCST approach in this instance as the retention
of the number of degrees of freedom means that the HiCST pa-
rameterisation can be employed without additional complexity. In
this respect, any improvement gained from the hybrid approach
effectively adds no computational expense. Once the constraints
have been established, the Bernstein Polynomial coefficients can
be calculated using the iCST methodology. The resultant curves
(Fig. 2) demonstrated that greater control of the curvature distri-
bution could be obtained through the use of a HiCST.

3.3. Analysis

All CFD calculations were carried out with an implicit, Favre-
averaged Navier-Stokes, density based approach. The two-equation
SST k — w turbulence model [38] was solved. The working fluid,
air, was modelled as an ideal compressible gas with viscosity cal-
culated using Sutherland’s Law. The convective fluxes were discre-
tised by the Roe-FDS method. Solution convergence was monitored
using both the scaled residuals and the forces on all walls. Solu-
tions were deemed to be converged when these terms were below
1 x 107> and iteration-independent respectively.

The fan cowl definition is two-dimensional and an axisymmet-
ric CFD model was used to reduce computational cost (Figs. 4a &
4b). A domain independence study was carried out for a fan cowl
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with three domain sizes. The semi-circular domains had radii of
407 max, 60rmax and 801,y where g is the maximum nacelle ra-
dius (Fig. 4b). The change in cruise nacelle drag predicted from
the simulations with the largest two domains was 0.1% and so the
largest domain was chosen for all further computations.

A multi-block structured mesh was produced for the fan cowl
geometries of approximately 70000 cells. A mesh independence
study was carried out with three grids of 35000, 70000 and
140000. In accordance with the method proposed by Roache [39] it
was found that the 70000 cell grid led to spatial discretisation er-
rors less than 1% in nacelle drag. Previous work has shown that the
CFD method and process used in this study is useful for the anal-
ysis of nacelle aerodynamics and validation studies show that the
method provides a maximum uncertainty of up to 4% on pre-drag-
rise nacelle drag, a difference of £0.003 on Mpg (Equation (24))
and typically a prediction of critical MFCR within 2% of the mea-
sured data [36,40].

3.4. Design space exploration and optimisation setup

Initially, a design space exploration was carried out which con-
sisted of 400 iCST and HiCST designs to compare the nacelle drag
characteristics with the different parametrisations. Subsequently, a
multi-objective optimisation with each method was performed to
identify a set of Pareto optimal solutions. The analysis is based
on the framework developed by Tejero et al. [31,41] for the aero-
dynamic nacelle design of future turbofan engines. The tool en-
compasses different modelling methods that include geometry def-
inition using Class Shape Transformations, aerodynamic simulation
and analysis, evaluation at various operating conditions and a ge-
netic algorithm. The Non-dominated Sorting Genetic Algorithm II
(NSGA-II) [42] is employed due to its global optimisation charac-
teristics in transonic flow aerodynamic applications [30]. The opti-
misation routine is started with a Latin Hypercube Sampling (LHS)
design space exploration of 400 samples and subsequent genera-
tions are formed by 50 individuals. This selection is based on a
statistical analysis that demonstrated the improved convergence to
the Pareto front for aerodynamic nacelle design applications [30].
Overall, a total number of 30 generations were required to ensure
a variation on the hypervolume below 1% on the last three gener-
ations. As such, more than 5000 CFD simulations were performed
throughout each optimisation routine.

3.5. Results and discussion

3.5.1. Design space exploration

The iCST method has been demonstrated to be useful for the
construction of nacelle aero-lines [43]. An assessment of the iCST
designs indicates that there are some limitations associated with
inflections in the radius on the fore-body of the cowl. An inflection
occurs when the curvature changes polarity and generally results
in detrimental aerodynamics. In this study, for the 400 iCST de-
signs, 71 had inflections on the fore-body. As expected, these 71
cases had a notably higher mean cruise drag of Cp ¢ryise = 0.0467
compared to the mean value of Cp cryise = 0.0366 for the de-
signs without a geometric inflection. Of the 71 designs which had
an inflection in the iCST formulation, only 3 had inflections on
the fore-body when created with HiCSTs. For those 71 designs,
20 had all three metrics improved relative to the iCST version,
whilst none had all three metrics worsened (Fig. 5). In addition,
the average cruise drag of these 71 designs in the HiCST formu-
lation dropped to 0.0383 (a decrease of 18%. Fig. 5). An example
of this subset is provided in Fig. 6a which illustrates the presence
of an inflection in the curvature distribution for the iCST design
and the absence of this inflection for the HiCST design. In this
case the improvement from a HiCST was a reduction in cruise
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Fig. 5. A comparison between the aerodynamic performance of the HiCST and iCST
parameterisations applied to an aero-engine fan cowl. The aerodynamic perfor-
mance benefit is illustrated for two subsets of the iCST design space in which there
were geometric and curvature inflections respectively.

drag from Cp cruise = 0.0329 to Cp cruise = 0.0286, in spillage drag
from Cp spig = 0.0138 to Cp spip = 0.0113 and Cp mach = 0.7322
to Cp pach = 0.0083 in Cp, pgch. This considerable improvement in
the response to Mach number indicates that the use of HiCST to
remove inflections from the designs allows a much improved de-
sign space and enables designs which would be poorly performing
with an iCST formulation.

Another subset of the 400 fan cowl designs which have on av-
erage poor aerodynamics for the iCST formulation are those with
inflections in the curvature on the fore-body of the nacelle. There
were 78 cases, (Fig. 5), with this type of inflection in the iCST de-
sign space whereas there were only 2 in the HiCST design space.
Of the 78 designs from the iCST design space in the HiCST design
space 41 were improved in all three aerodynamic metrics, whilst
two were worsened in all metrics (Fig. 5). On average, the cruise
drag for these 78 designs was reduced from 0.0479 in the iCST
formulation to 0.0363 with the HiCSTs (a decrease of 24%, Fig. 5).
An example from this subset (Fig. 6b) demonstrates the removal of
the curvature inflection which occurs on the fore-body of the iCST
design. In this singular case the improvement from a HiCST was
a reduction in cruise drag from Cp cryise = 0.0282 to Cp cruise =
0.0221, in spillage drag from Cp spiy = 0.0080 to Cp gpi = 0.0072
and Cp pach = 0.0084 to Cp pach = 0.0074 in Cp pmach-

Overall this shows the potential aerodynamic performance ben-
efit of employing the HiCST parameterisation as opposed to the
iCST approach. These performance benefits are especially appar-
ent in the challenging regions of the design space where it is not
always possible to construct an iCST based curve without any in-
flections present in the geometry or curvature distributions.

3.5.2. Optimisation

Both the iCST and HiCST fan-cowl parametrisations methods
have been applied to the multi-objective optimisation (MOO) of
a civil aero-engine with Lpqc/rpi = 2.4 and r¢e/rp; = 1.0. This is a
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Fig. 6. Example fan cowl geometries from the design space exploration.

compact configuration within the expected design space for future
turbo-fan engines, in which previous investigations have under-
lined the associated non-linear characteristics of the nacelle tran-
sonic flow aerodynamics [31]. As such, it is a complex design to
test the proposed HiCST parametrisation approach.

Two independent multi-objective optimisation routines were
carried out with the aforementioned established method of 30
generations with an initial design space exploration of 400 na-
celle designs and subsequent generations of 50 individuals. The
optimisation process resulted in a three-dimensional set of Pareto
optimal solutions. Fig. 7 presents the projection of the Pareto front
on the Cp cruise — Cp,Mach SPace and coloured by Cp spiy. The repre-
sentation clearly highlights the benefits of the proposed HiCST for-
mulation over the traditional iCST method. Relative to the iCST ap-
proach, the minimum achievable nacelle cruise drag was reduced
by 3.9% with the HiCST parametrisation. Besides, this method also
presents benefits in terms of a lower sensitivity to the change of
flight Mach number. While there are designs with Cp pgcn = 0
and a concomitant Cp cryise = 0.0252, the iCST method leads to a
minimum Cp pqch = 0.0034 at similar value of nacelle cruise drag
(Cp.cruise)- On the other hand, both parametrisations present na-
celle designs which are insensitive to changes on massflow capture
ratio (Cp spin &~ 0) at the expense of large Cp cruise and Cp mach

(Fig. 7).

3.5.3. Fan cowl performance at cruise
The HiCST parametrisation can provide an aerodynamic bene-
fit over the iCST approach. This potential performance benefit is
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Fig. 7. Pareto front comparison between the HiCST and iCST parameterisations ap-
plied to an aero-engine fan cowl.

Table 4

Nacelle performance metrics for Fan Cowls

A and B.
Fan cowl A (iCST) B (HiCST)
CD,cruise- 0.0300 0.0227
Mpg: 0.822 0.850

particularly apparent in the challenging regions of the fan cowl
design space where geometric inflections or inflections in the cur-
vature distribution cannot be avoided with a single iCST curve.
To illustrate this two fan cowl configurations were simulated for
a range of aerodynamic conditions to assess the cruise drag, the
impact of reduced MFCR and sensitivity to increased Mach num-
ber. These two configurations had the same geometric parameters
(Table 2) and only differed in that Fan Cowl A was created with
an iCST approach and Fan Cowl B was created with HiCST curves.
The range of mass flows was intended to capture a cruise phase
at constant My, = 0.85. Fan cowl B, with a HiCST curve, demon-
strated that a lower cruise drag and a beneficial higher drag rise
Mach number could be achieved (Table 4) relative to the single
iCST fan cowl. Cruise drag, at My, = 0.85, MFCR = 0.7, was re-
duced by 24% whilst the drag rise Mach number was increased
by AMpg = 0.028. This represents a considerable delay in the
transonic penalty by simply using a HiCST. The reason for the
improved performance is solely from the de-coupling of the fore-
body and after-body since the intuitive parameters used to define
the cowl were identical between Fan cowl A and B (Table 2).
Across the forward region of the cowl (x/Ljqc < 0.1), the gradi-
ent (dr/dx) changes less rapidly for the HiCST design relative to
the iCST design as the hybrid fore-body is less constrained by the
parametrization (Fig. 2). This results in a delay of the peak fore-
body acceleration on Fan Cowl B relative to Fan Cowl A (Fig. 8a).
In addition, the single iCST curve has greater values of the second
derivative immediately after the maximum radius (Fig. 2) which
results in a second acceleration for Fan Cowl A (Fig. 8a). This
causes the Mach number to increase compared to the HiCST fan
cowl (Fig. 8a) and an after-body shock occurs for Fan Cowl A as a
result. Due to this strong after-body shock, the drag of Fan Cowl
A is significantly worse than Fan Cowl B. The increased shock
strength also causes the drag rise to occur at lower Mach number
(Fig. 8b) since the onset of drag rise is caused by excessive wave
drag. This results in an increase of AMpg = 0.028 for Fan Cowl B
relative to Fan Cowl A (Table 4). In addition, the drag is found to
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Fig. 8. The aerodynamic performance of an iCST and equivalent HiCST fan cowl in a
challenging region of the design space.

be consistently higher for Fan Cowl A, with the single iCST, for all
MFCRs expected throughout the cruise phase of the flight (Fig. 8b)
which would result in an overall higher fuel burn if this fan cowl
were integrated with an engine.

4. Case study 2: intake aerodynamics
4.1. Problem statement

As aero-engine specific thrust decreases to improve fuel burn
and to reduce noise and emissions, the fan diameter can increase
[44]. Innovative intake and nacelle designs are required to reduce
the associated increases in weight and drag [34]. One such ap-
proach is a reduction in intake length [45]. The short intake design
approach however can result in increased flow non-uniformity at
the fan face as well as a reduction in the ability of the intake to ef-
ficiently diffuse the flow from the throat to the fan face. The intake
design challenge is then to design short intakes without compris-
ing intake and fan performance.

The iCST parameterisation can be used to generate aero-engine
intake geometries [28]. However in some parts of the design space

the iCST approach is limited by its inherent mathematical smooth-
ness. This restricts the viable design space. This limitation is par-
ticularly apparent in short intake design where the lip and the dif-
fuser are closely coupled. This can potentially be overcome through
the use of the HiCST parameterisation.

Within this context two intakes have been designed to compare
the iCST and Hybrid iCST approaches (Intakes A and B respectively)
for a challenging high incidence condition using the methods out-
lined in §4.1.1. This aerodynamic configuration is representative of
the off-design Cp mqx condition which is the largest angle of attack
which the engine is typically expected to be subjected to in flight
[45].

4.1.1. Intake performance assessment methodology

The aerodynamic performance of the intake configurations are
assessed with four metrics. Intake Pressure Recovery (IPR) is a
measure of total pressure losses in the duct given by,

_ FO,fan face
PO,oo

IPR (26)
where Pg. fan face iS the area-averaged total pressure on the fan
face and Pg is the freestream total pressure.

Total pressure distortion in the fan face plane is assessed with
DCgo [46,47] defined as,

ﬁO,fan face — Pgo
q

where Pgy is the mean total pressure in the 60° sector with the
lowest mean total pressure and q is the dynamic pressure. This to-
tal pressure distortion parameter, (DCgg), can provide an indication
to the presence of flow separation within the intake. [48] The typi-
cal upper limit on DCg for a civil subsonic aircraft is 0.2. [49] The
presence, extent and initial cause of flow separation is assessed
for each intake design. The final aerodynamic metric studied is the
peak isentropic Mach number,

o\ 7
0,00 \ ¥V~
2[(9) ]
y—1
where Py is the freestream total pressure, P is the local static
pressure and y is the ratio of specific heats. The peak isentropic
Mach number is a measure of the flow acceleration around the in-
take lip. Flow acceleration can lead to the formation of a shock, in

this case the maximum isentropic Mach number can be an indica-
tor of shock strength.

DCgp = (27)

Misen = (28)

4.2. Geometric parameterisation

The NASA Common Research Model CRM [50] is representative
of a twin-engined, wide-body, civil, transport aircraft. The CRM has
a cruise design point of M=0.85 at a wing chord Reynolds number
of 40 x 10%. Two intakes were designed for this operating point.
The intake was sized for a mass-flow capture ratio of 0.75, fan
hub to tip ratio of 0.3 [51] and a fan face Mach number of 0.6
[51]. Based on conventional intake design rules the average throat
Mach number should be less than 0.75 [52] and for this study a
value of 0.72 was used to size the throat. The non-dimensional
intake (Linc/(27fan)) was set to 0.35 (Table 5 and Fig. 3) and is
representative of a future short intake design [28].

Intake A was constructed with a single iCST curve which em-
ployed the round nosed airfoil Class Function (Cé:g). Parameters
P.1j5e to P.3j, set the endpoints of the intake aero-line (Fig. 9).
The radius of curvature at the highlight, (rj;), was set by P.4;;; us-
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Table 5
Parameterisation of Intakes A (iCST) and B (HiCST) (Fig. 3c).
Intake: A B

# iCST Single HiCST lip HiCST diffuser
P.1ine Thi - - -
P.2int T fan/Thi 0.964 y'm 0.964
P.3int Lint /Thi 0.675 0.675 0.675
P.4int fi 0.700 0.700 0.700
P.5int CR 1.263 1.263 1.263
P.6int AR 2.5 2.8 2.8
P.7int KthThi 1.601 1.299 1.299
P.8int Bint 0° tan~! (dy/dx) f 3°
P.9int K fanThi 2135 0.000 2135

* denotes that the parameter was set to maximise the smoothness of the curve
between the highlight and the throat.

T indicates that the parameter was set such that d?r/dx* at ¥ =1 was equal to
zero.
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Fig. 9. Geometry, first and second order spatial derivatives of r w.r.t. to x and the
imposed constraints for Intake A (iCST) and Intake B (HiCST).

ing Equation (29).

(rhi — Ten)?
rii = fi illli (29)
lip

Through a design iteration process, the gradient and curvature at
the juncture between the intake and the fan face reference plane
was set to 0° and —1.2m~! respectively (P.8;; and P.9;y, Table 5).
Intake design guidelines state that the maximum diffuser angle
(Eq. (30)) should not exceed 7° to avoid diffusion driven separa-
tion within the intake [53].

Xfan

(30)

0 ¢ dr

iff = max | tan —
max,dif f dx .

th

Omax,diff 1s a function of the throat location and the curvature at
this point («¢). These parameters also influence the curvature dis-
tribution over the intake lip. The location of the throat (Fig. 3c)
is set through the intake contraction ratio (CR, Eq. (31)) and lip
aspect ratio (AR, Eq. (32)).

cr= i _ <rﬂ> (31)
Atn Tth
14
AR= TP _ (32)
Thi —Tth

CR, AR and «;, were set by an iterative design process which
sought to maximise the smoothness of the lip curvature dis-

tribution by minimising f.»(x) (Eq. (33)) while not exceeding
emax,diff =7°

2
fier (X) = d—R where R = l (33)
dx? K
The resultant design had CR, AR and «;;, of 1.263, 2.5 and 0.9 m~!
respectively (Table 5). Intake A was a compromise between diffuser
angle and lip smoothness due to the characteristic mathematical
smoothness of an iCST curve. As a result of this compromise the
lip curvature distribution was non-monotonic (Fig. 9).

Intake B was designed to remove the curvature inflection
present in the lip of Intake A. This necessitated the use of the
HiCST approach to decouple the lip and diffuser designs. Intake B
was constructed with the HiCST parameterisation. This consisted of
two aero-lines namely the HiCST lip and the HiCST diffuser with
intersected at the intake throat (Fig. 9). This approach was em-
ployed to allow the diffuser design to be altered independently of
the lip design and vice versa. This would not have been possible
with the iCST parameterisation. The HiCST diffuser was constructed
using the same parameterisation as Intake A. However, the diffuser
aero-line constraints could be set to maximise the aerodynamic
performance of the diffuser without a trade-off in lip aerodynamic
performance. The intake aero-line gradient at the juncture with the
nominal fan face plane (Bix:, Fig. 3b) was increased from 0° to 3°
(Table 5) which decreased the maximum diffuser angle (Omax diff.
Eq. (30)). The throat curvature (k) was also reduced from 0.9
to 0.73 to further reduce the maximum diffuser angle. This al-
lowed the lip aspect ratio (AR, Eq. (32)) to be increased from 2.5
to 2.8 without exceeding a maximum diffuser angle of 7°. An in-
crease in AR at a fixed lip contraction ratio (CR, Eq. (31)) resulted
in a longer intake lip (ljp, Fig. 3b). P.2j; was varied to achieve
a smooth monotonic distribution of curvature from the highlight
to the throat while P.8;,; was set so that d?r/dx* at ¥ =1 was
equal to zero. As AR increased from Intake A to Intake B while CR
and F; remained constant, ry, the initial lip radius of curvature
decreased. This, in conjunction with the decrease in throat curva-
ture, led to a slight increase in the overall lip gradient of curvature
((keh — &) /Liip) from 35.4m~2 to 35.9m~2. This meant that flow
turning was more weighted towards the highlight than the lip. The
gradient, and curvature, (k;,), were imposed at the throat point to
ensure curvature continuity (G3) from the highlight. As the third
derivative is not imposed at the throat the intake aero-line has a
rate of change of curvature (G*) discontinuity at this point (Fig. 9).

Overall these design changes, which were possible because of
the HiCST parameterisation and the associated decoupling of the
lip and diffuser constructions, resulted in a smooth monotonic dis-
tribution of curvature from the highlight to the throat and a re-
duction in maximum diffuser angle for Intake B in comparison to
Intake A.

4.3. Analysis

The nature of the intake calculations necessitated a 3D CFD
approach. The CFD method was otherwise identical to that de-
scribed in §3.3. Meshes were constructed with a fully structured,
multi-block approach [54] (Fig. 10a). The boundary layer was fully
resolved such that the y* was approximately equal to 1 by the
creation of a boundary layer block around all solid surfaces. This
boundary layer block contained 50 cells with a maximum cell
height expansion ratio of 1.2 To ensure a high quality mesh mini-
mum values of equi-angle skewness and 2x2x2 determinant of 0.3
and 0.45 respectively were maintained.

A mesh independence investigation was carried out in line with
standard practice [55]. The Grid Convergence Index (GCI) was cal-
culated for three different levels of mesh refinement with 2.4, 4.8
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Fig. 10. Computational meshes and domains for the 3D intake CFD calculations.

and 9.6 million cells each. Nacelle drag was used as the grid con-
vergence metric with a GCI of 0.73% and 0.05% calculated for the
coarsest and finest meshes respectively. This indicated that the 4.8
million element mesh was within a band of error with regards to
nacelle drag between 0.05% and 0.73%. This level of mesh inde-
pendence was deemed satisfactory and the mesh selected for all
the high incidence intake calculations carried out for this paper.
CFD predicted distributions of isentropic Mach number over the
surface of an aero-engine intake have been compared to measured
data at conditions representative of a climb-out. Peak isentropic
Mach numbers were predicted within AM = 0.05.

The overall size of the computational domain was defined as a
function of the nacelle maximum diameter using a linear scaling
factor of 40. The freestream conditions at infinity were modelled
using a pressure far-field boundary condition (Fig. 10b). At this
boundary the static pressure, static temperature, Mach number, ve-
locity direction components and turbulence levels were specified.
The engine massflow rate was controlled by a static pressure outlet
boundary condition with a target massflow(Fig. 10b). At the pres-
sure inlet boundary (Fig. 10b) total temperature and total pressure
were set equal to freestream conditions [28].

4.4. Results and discussion

For Intake A, the intake constructed with the iCST approach,
the intake pressure recovery and maximum isentropic Mach num-
ber were calculated to be 0.9980 and 1.245 respectively. The DCgg
parameter, which gives a measure of total pressure distortion at
the fan face reference plane was calculated to be 0.047. A value
of DCgp below 0.2 can indicate an aerodynamically acceptable de-
sign [49]. However, Fig. 11a shows two small regions of reverse
flow in the intake. There is an initial shock induced separation of
the intake boundary layer which reattaches (Fig. 12a). The shock,
which is the root cause of this separation, can be seen in the isen-
tropic Mach number distribution over the lower lip (Fig. 12a). The
smooth curvature distribution around the lip allows the flow to
accelerate around the lip to Mach 1.245 before a shock-wave is
formed. The second region of reverse flow, (Fig. 11a), is due to a
diffusion induced separation and it extends through the nominal
fan face. The reasonable aerodynamic performance of this intake
bottom aero-line demonstrates the capability of the iCST intake
parametrization method.

Intake B was constructed with the HiCST method. This approach
allowed a smooth monotonic increase in the radius of curvature
from the highlight to the throat to be specified (Fig. 9). The max-
imum isentropic Mach number was reduced from 1.245 to 1.241
relative to Intake A at the same conditions (Table 6). This improve-
ment in the lip design removed the shock induced separation that
was present for Intake A (Fig. 12a). The only separation present
was a small diffusion induced separation which reattached before
the fan face reference plane (Fig. 11b). Two aspects of Intake B’s
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Fig. 11. The extent of separated flow in the intake illustrated in cylindrical co-
ordinates.

aerodynamic performance were noted as slight concerns: the shock
position and isentropic Mach number distribution. The shock was
located close to the throat (Fig. 12b) approximately co-located with
an inflection in the curvature. This was consistent with previous
intake designs [27] where it was noted that any shocks present
are positioned approximately at points of inflection in the radius
of curvature. Intake B was designed such that there were no in-
flection points in the radius of curvature of the lip, with the first
inflection point located at the throat (Fig. 9). As an assessment of
the robustness of the intake designs, sweeps of angle of attack and
MFCR were carried out. These assessments were carried out both
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(a) M =045, a =22°, MFCR = 1.26, Intake A.

(b) M = 0.45, a = 22°, MFCR = 1.26, Intake B.

(c) M =0.45, o = 22°, Ari = —2%, Intake B.

Fig. 12. Mach number contours on the symmetry plane.

for Intake A and Intake B so that their aerodynamic performance
could be compared across a range of conditions.

Table 6

Intake performance metrics.
Intake A (iCST) B (HiCST)
DCgo 0.047 0.025
IPR 0.9980 0.9984
Max Misen 1.241 1.245

The intake aerodynamic performance was tested at increased
angles of attack (Fig. 13). As expected both the isentropic Mach
number and DCgg increased as the angle of attack was increased.
Over the range of angle of attacks investigated (22° < o < 26°)
there were no step changes in performance, indicating that both
intake designs are robust at the high incidence operating condition.
Intake A has a higher total pressure distortion coefficient at 22°
angle of attack than Intake B and as angle of attack increased from
22° to 26° there was a much larger increase in DCgg from 0.047
to 0.182 as opposed to from 0.024 to 0.046 for Intake B. However,
Intake A is less sensitive to angle of attack in terms of maximum
isentropic Mach number than Intake B. For Intake A there is only
a small increase in the maximum Mjs., across the range of angle
of attacks studied from 1.245 to 1.264. The reason that the max-

imum Mjs, increases with incidence at a lower rate for Intake A
in comparison to Intake B is the presence of a shock induced sep-
aration on the intake lip (Fig. 11a). This separation bubble forms a
blockage and reduces the amount of flow turning around the lower
lip which in turn leads to lower flow acceleration and lower max-
imum isentropic Mach numbers. It is for this reason that Mijsep
should not on its own be used as an intake performance metric
but rather as an intake metric which can give an indication of the
underlying flow physics. Across the range of angle of attacks inves-
tigated both shock and diffusive induced separations were present
(Fig. 13). However, for Intake B only a diffusion induced separa-
tion was predicted. This area of diffusive separation increased in
both the axial and circumferential direction as the angle of attack
was increased and can clearly be seen at an angle of attack of 26°
(Fig. 11c). This area of separation now extends through the nomi-
nal fan face plane.

The sensitivity of both intakes aerodynamic performance to
changes in massflow was assessed by increasing and decreasing
massflow by 2% in increments of 1%. For Intake B at Am = —2%
no intake separation was found, either shock induced or diffusion
driven. The lack of a shock induced separation was expected as
none was present for the baseline massflow case (Am = 0%) and
reducing the massflow rate reduces flow acceleration around the
lip. The maximum isentropic Mach reduced was reduced to 1.176
from 1.245 in the baseline case. The presence of a weak shock is
illustrated by contours of Mach number on the symmetry plane
(Fig. 12c¢). This low isentropic Mach number and lack of separation
results in a low DCgo of 0.018 and an intake pressure recovery of
0.9984. For Intake B when the intake massflow rate is increased
by 2% from the baseline there is an increase in both DCgp and
maximum isentropic Mach number occurs up to values of 0.053
and 1.314 respectively. At all massflow rates investigated below
the baseline massflow rate (Ar = 0%) there is no flow separation
present in Intake B. At Ar = 0% a small diffusive separation is
present (Fig. 11b) and when Am is increased to 2% there is a dif-
fusive and shock induced separation. Throughout all the massflow
rates simulated no step changes in DCgg or maximum isentropic
Mach number were found. This indicates that Intake B is a robust
design for the intake high incidence operating condition. For all
massflows investigated a diffusive and a shock driven separation
were present in Intake A with little change in the flow physics
across the range —2% < Am < 0%. Further increases in massflow
rate to Am = 1% led to the separate shock and diffusive based sep-
arations merging which resulted in a step change increase in DCgg
to 0.12. However this increase in DCg is still below the acceptable
DCegp limit of 0.2 [49].

The robust aerodynamic performance of Intake B and the im-
provement of its aerodynamic performance in comparison with
Intake A illustrate the utility of the HiCST in intake design. As the
HiCST approach does not necessitate an increase in the order of
the curve the method is suited to preliminary and detailed design
and optimisation of geometric definitions.

5. Conclusions

The iCST method has been applied to aero-engine fan-cowls
and intakes. The mathematical smoothness inherent to curves
constructed with the iCST approach has been shown to limit
the design space for these geometries. A new parametrisation,
HiCST, has been introduced. It is possible to implement this HiCST
parametrization without an increase in the degrees of freedom
used to define the geometry. This allows two sections of a single
aero-line to be decoupled, without geometric discontinuity, whilst
maintaining the dimensionality of a design problem.

A fan cowl design space exploration was carried out which
employed the iCST parametrization. It was shown that in the
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Fig. 13. Variation of maximum isentropic Mach number and DCgp with changes in angle of attack, M = 0.45, MFCR = 1.26.

large majority of cases when a radius inflection or a curva-
ture inflection was present in the fan cowl fore-body the HiCST
parametrization gave an aerodynamic performance benefit over the
iCST parametrization. This aerodynamic benefit was achieved with-
out an increase in the design degrees of freedom. In the example
fan cowl design demonstrated within this paper, it was shown that
this decoupling had resulted in a greatly improved design with a
reduction in cruise drag of 24% relative to a standard iCST. The
benefits of a decoupled HiCST curve can also be exploited to im-
prove the drag rise performance of the fan cowl as a direct result
of the reduced accelerations. Crucially, this improvement in the
aerodynamics, without increased degrees of freedom, makes this
implementation ideal for an optimisation problem where the aero-
dynamics of a fan cowl fore-body and after-body would otherwise
be highly coupled.

The utility of the Hybrid iCST approach has also been shown
through two intake design case studies. A single iCST intake, Intake
A was designed to have a short intake with reasonable aerody-
namic performance.

The use of the HiCST method in the design of Intake B allowed
a discontinuous rate of change of curvature (i.e. G continuity)
to be specified at the throat. This was shown to allow improved
lip curvature control. Intake B had improved aerodynamic perfor-
mance at the design point and was less sensitive to changes in
massflow and incidence than Intake A which proved the robust-
ness of the HiCST design.
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