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To invent an airplane is nothing. To build one is something.

But to fly is everything

-Karl Wilhelm Otto Lilienthal



ABSTRACT

The main aim of this work is to investigate, from aerodynamic point
of view, a modular model of the fuselage of a regional transport turbo-
prop aircraft with go seats. This approach involves the study of differ-
ent fuselage components (nose, cabin and tailcone) to identify trends
in aerodynamic coefficients with geometrical parameters. Usually,
in the preliminary design, the aerodynamic studies are conducted
with semi-empirical methods which rely on a huge database of wind-
tunnel test results, such as USAF DATCOM, that are based on geome-
tries very different from a turboprop. In the present work, the aerody-
namic studies were performed by numerical analyses (Reynolds Aver-
aged Navier Stokes equations). Therefore the results obtained with a
numerical approach are presumably more suitable for a preliminary
design than those achieved with semi-empirical methods. The numer-
ical simulations have been carried out using the commercial software
Star-CCM+. A large number of simulations have been performed on
the SCoPE grid infrastructure of the University of Naples Federico II,
that gave the possibility to simulate complex 3D geometries in a small
amount of time. The only constraint imposed to modifications of the
fuselage is the compliance to FAR 25.775 (Windshields and windows).
Results of numerical analyses give useful information about trends of
aerodynamic coefficients with geometric parameters. A drag and mo-
ment prediction method, accounting for the fuselage shape and wet-
ted area, have been developed from these results and are presented
with some example of application.
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1 INTRODUCTION

Contents
1.1 The fuselage design for a transport aircraft 2
1.2 Turboprop aircraft 3
1.2.1  Turboprop Drag and Performance 4
1.3  Aim and structure of thesis work 4

The preliminary general arrangement of an aircraft is closely tied
up with the fuselage, the main dimensions of which should be laid
down in some detail. In fact, the fuselage represents such an impor-
tant item in the total concept that its design might well be started
before the overall configuration is settled.

The main characteristics of the fuselage are as follows.

o It constitutes the shell containing the payload which must be
carried a certain distance at a specified speed. It must permit
rapid loading before the flight and rapid unloading after it. The
fuselage structure also offers protection against climatic factors
(cold, low pressure, a very high wind velocity) and against ex-
ternal noise, provided suitable measures have been taken.

o The fuselage is the most suitable part for housing the cockpit,
the most functional location generally being in the nose.

¢ The fuselage may be regarded as the central structure member
to which the other main parts are joined (wings, tail unit and
in some cases the engines) on the one hand, and as the link
between the payload and the aircraft on the other.

e Most of the aircraft system are generally housed in the fuse-
lage, which sometimes also carries the engines, fuel and/or the
retractable undercarriage.

Selection of the best layout requires a detailed study of these trade-
offs. This is generally done by selecting a value not too different from
existing aircraft with similar requirements, for which such a detailed
study has presumably been done. In the absence of such guidance,
one selects an initial layout that satisfies the payload requirements.



1.1 THE FUSELAGE DESIGN FOR A TRANSPORT AIRCRAFT |

1.1 THE FUSELAGE DESIGN FOR A TRANSPORT
AIRCRAFT

The fuselage of transport aircraft are seldom streamlined in shape. It
should be designed "from the inside outwards", and the skin should
envelop the load in such a way that the wetted area is minimum, thus
avoiding breakaway of the airflow as far as possible.

In effect the design of the fuselage is based on payload require-
ments, aerodynamics, and structures. It is possible to consider the
fuselage like a body of revolution and it can be designed starting
from the characteristics of the cross-section and longitudinal geom-
etry of the same, to then derive from these data all the necessary
parameters for a proper sizing.

The arrangement of passengers affects the sizing of the cross-section,
being the binding parameter for the characterization of fuselage diam-
eter. Most cross-sections are relatively circular in shape. This is done
for the following reasons.

¢ By eliminating corners, the flow will not separate at moderate
angles of attack or sideslip.

e When the fuselage is pressurized, a circular fuselage can re-
sist the loads with tension stresses, rather than the more severe
bending loads that arise on non-circular shapes.

e Structural design and manufacture are considerable simplified.

e Itis possible to obtain an efficient internal layout with little loss
of space.

o The flexibility of the seating arrangement is improved.

o Further development by increasing the length of the fuselages
(stretching) is facilitated.

As for the longitudinal dimension the fuselage length is usually
divided into three part.

NOSE is the front part of fuselage, tapered to get the best possible
penetration for the aircraft

cABIN is the central part of the fuselage (with a constant diameter),
where the passengers are accommodated

TAILCONE is the final part of the fuselage, tapered so appropriate.

In the following figure (fig. 1) is depicted an example of fuselage
with the parts just introduced and with the main parameters: the
fuselage length, L, and maximum diameter, d.

An extensive analysis is presented in [23] and [10].

2
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Figure 1: The main parts of a fuselage

1.2 TURBOPROP AIRCRAFT

A recent work [5] has shown that the need to develop regional turbo-
prop transport aircraft is tied to particular needs of both passengers
and airlines. First of all, a generic regional turboprop aircraft has to
be faster than conventional transport means as trains, cars or ships
and it has to be relatively cheap.

Looking at aircraft performance, a turboprop aircraft has a short
take-off and landing distance (sometimes on semi prepared runways)
and a cruise airspeed not higher than 350 knots. From a deeper air-
lines point of view, this aircraft has to meet the requirements of low
operative and maintenance costs, it is cheaper than an equivalent re-
gional jet and above all it has a lower fuel consumption saving money
and pollution.

Passengers want to have a reliable aircraft, competitive in terms of
costs, with low noise emission and, also on this aircraft category a
good comfort. Aircraft industries were deeply involved in the design
of new regional turboprop aircraft during the seventies and eighties
in conjunction with the oil crisis. During these years several turbo-
prop aircraft were designed and produced worldwide, increasing the
competition stimulation. Nowadays the leaders of the market are
ATR and Bombardier with, respectively, ATR-72 and Dash8-Q4oo (fig-
ure. 2).

(a) ATR 72-600 (b) DASH8-Q400

Figure 2: ATR-72 and DASHS8-Q4o00 aircraft.

3
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It is possible to identify the main features of large turboprop air-
craft:

¢ High-wing

o T-tail

e Slender fuselage

¢ Engine wing mounted

¢ Easy cabin accessibility both for passengers and baggage

e Reliable, low maintenance and construction costs structure

e Advanced system instrumentations, glass-cockpit and Fly-by-
wire

e Cabin comfort.

It is quite evident that an aircraft of this category in order to satisfy
all these requirements must have a very accurate design. In particu-
lar, the aerodynamic design of these aircraft involves many aspects
that must be assessed and addressed very thoroughly in the design
phase. A very important feature of the aerodynamic design is the
aerodynamic drag. For these reasons in the following Sec.1.2.1 the
aerodynamic drag breakdown of typical large turboprop aircraft is
addressed to better understand which are the main drag sources and
which the influence of drag reduction on the aircraft performance.

1.214  Turboprop Drag and Performance

From [5], it is known that the fuselage of a regional turboprop consti-
tutes the main contribution to the aerodynamic drag.

A typical drag breakdown is shown in figure 3. The term fuselage
in the pie chart also includes windshield, upsweep, base drag, and
some of the excrescences. For the same aircraft, the impact of drag
in cruise performance is shown in figure 4. A reduction of 2.5 drag
counts increases the maximum true airspeed (TAS) by 1 knot. An
overall drag decrease of 15 counts saves 3% fuel on a typical 200 nm
mission.

1.3 AIM AND STRUCTURE OF THESIS WORK

The main aim of this work is to investigate, from an aerodynamic
point of view, a modular model of the fuselage of a regional trans-
port turboprop aircraft with 9o seats. This approach involves the
study of different fuselage components (nose, cabin and tailcone) to

4
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Figure 4: Drag impact on aircraft performance

identify trends in aerodynamic coefficients with geometrical param-
eters. The only constraint imposed to modifications of the fuselage

is the compliance to FAR 25.775 (Windshields and windows). Ap-
pendix A shows some details of regulation. The starting point of the

work is the reference fuselage. It is shown in figure 5 and the param-
eters are reported in table 1. In order to point out the aerodynamic
trends, hereinafter the results of aerodynamic studies are presented
by graphics and mathematical relationships which can be useful also
for other aircraft in the preliminary design phase as previously ar-

gued.
The work has been structured as follows.

Chapter 2 In this chapter the semi-empirical methods to calculate
the aerodynamic coefficients are introduced. In the first part are
described the semi-empirical methods which calculate the drag
coefficient as the sum of different contributions and then the
most famous method for the calculation of moment coefficient,

the strip method, is introduced.
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L

Figure 5: The reference fuselage

The reference fuselage

L, o0.19-L¢ Noselength

L. 043 -L¢ Cabin length

Ly 038:L¢ Tailcone length

FR  8.69 Slenderness ratio

FR, 1.60 Nose slenderness ratio
FRy 2.83 Tail slenderness ratio
P 39.7° Windshield angle

0 13.6° Upsweep angle

Table 1: Features of the reference fuselage.

Chapter 3 Once the semi-empirical methods have been described,
a procedure that make use of CFD to compute the same aero-
dynamic coefficients is explained. This procedure is the core
of the present work. The fuselage geometry of a turboprop is
given as a CAD model which is modified with MATLAB in or-
der to derive some different fuselage configurations. The latter
have been analysed with the commercial software Star-CCM+
to evaluate the aerodynamic coefficients. At the same time it
is presented the MATLAB code that modifies the geometry of
the fuselage. The results of some test cases are also shown to
validate the CFD model.

Chapter 4 This chapter is fully dedicated to show the results of nu-
merical simulations. The different cases are obtained changing
one at time the fineness ratio of the nose (FR;,), the fineness ratio
of the cabin (FR) and the fineness ratio of the tailcone (FR{) and
keeping the other equal to those of the reference fuselage. Other
cases are obtained by changing the upsweep angle maintaining
constant FR¢ and changing the windshield angle maintaining
constant FR,,. Moreover the effect of the combined changes are
evaluated.
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Chapter 5 A new methodology to predict the drag and moment co-
efficient have been carried out and are described in this chapter.
The method supplies the parametric relationships between the
aerodynamic coefficients and the geometry of the fuselage. This
CFD-born methodology is based on a general turboprop geome-
try and this is its strength compared to the semi-empirical meth-
ods. It can be very useful in preliminary design phase.

Chapter 6 Finally in this chapter the main achievements of this thesis
work are summarized and some conclusions are drawn.
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In this chapter the methods to calculate the aerodynamic coeffi-
cients, that are normally used in the preliminary phase to guide the
design choices, are introduced. In the first section the semi-empirical
methods are described and it shows how they predict the drag coeffi-
cient. These methods consider the drag coefficient as the sum of dif-
ferent contributions that can be evaluated by relations obtained from
wind tunnel test. The content of this chapter is mostly excerpt from
works of Prof. Roskam [19] and [20], Kroo et al. [10] and Raymer [18].

Afterwards the strip method is reported for the prediction of mo-
ment coefficient. It is so called because the fuselage is divided into
strips each of which gives a contribution to pitching moment in a
function of distance from the polo. This method was developed by
Munk [15] and Multhopp [14]. Perkins and Hage explained how the
tuselage affects the longitudinal stability [17].

21 FUSELAGE DRAG COEFFICIENT PREDICTION

Usually, in preliminary design phases, the estimation of drag coef-
ficient (Cp) is obtained through semi-empirical methods. They are
based on the results of wind-tunnel tests of the past, mainly collected
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in the USAF DATCOM database. The total drag coefficient of an air-
craft is given by the sum of the zero lift drag coefficient and the in-
duced drag coefficient. This assumption is made when the approxi-
mation of a parabolic drag polar is assumed in order to estimate the
drag coefficient for low incidence such as cruise and climb, that is
until the lift coefficient becomes greater than 1. The approximation
leads to the following formulation:

Cr?
mTARe

Cop=Cpo+ (2.1)

where AR is the aspect ratio of the wing and e is the Oswald factor
of the complete aircraft. While the induced drag coefficient can be
easily computed, the zero lift drag coefficient has to be estimated by
semi-empirical approaches in the preliminary design phase.

The zero lift drag coefficient is also known as parasite drag coeffi-
cient and it includes skin friction, base, interference, wave, and trim
drag coefficients, thus resulting in the following

Cpo =Coy + CDpaee T CDine + CDwave T CDrim (2.2)

In the present work it accounts for the contributions to Cpo of
the fuselage and therefore are taken into account only the Cp_,, the
Cp,,,. and the Cp,,, (due to the windshield and upsweep angle). In
effect the fuselage is responsible for a large percentage of the overall
drag (in particular the parasite drag) of the airplanes (about 25% -
50% of total drag) and since it is desirable to have as little drag as
possible, the fuselage should be sized and shaped accordingly. The
parasite drag coefficient (see eq. (2.2)) of an aircraft can be computed
by adding each contribute of the different components and assuming
an interference effect. If Cpi and S; are respectively the drag coeffi-
cient and the surface of the component i, g the dynamic pressure, the
total drag given by n components is:

n
D = q Z CDiSi
i=1

Since each component is characterized by a different reference sur-
face, it is not possible to sum directly the drag coefficients but it is
possible to sum the products CpiS; . These products are known as
the areas of the equivalent flat plate, that is f; ; since a flat plate
normal to the free stream has a drag coefficient equal to 1, f; repre-
sents the area of a flat plate that, when it is normal to the free stream,
has the same drag coefficient of the component i. Thus, the previous
formulation becomes

D=q) CpiSi=q) fi=dfror
i1 i1

9
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Moreover, the skin friction coefficient for a generic component is:

qSwet

Ce

where S, ¢t represents the wetted area that is the surface of that
component wetted by the fluid. The skin friction drag coefficient is

D¢
Crye —
f quef
thus, it is easy to find that
CDf _ Dgswet
ref

The link between a generic component and the flat plate is neces-
sary since the skin friction coefficient is exactly computed for a flat
plate so that, once known C¢ for the equivalent flat plate, the skin
friction drag coefficient becomes a function of the geometry of the
component. In fact, the skin friction coefficient for a generic compo-

nent can be obtained by
Cf = CfFf

where Cy is the skin friction coefficient for the equivalent flat plate
and F¢ is the form factor that takes into account that the component is
not a flat plate and the boundary layer develops in presence of pres-
sure gradients. Finally, the skin friction drag coefficient of a generic
component can be computed as follows

Swet

Cps = C¢Fs (2:3)

ref

In order to point out the contributes of the fuselage to parasite drag,
it is possible to split up this contribution in 4 parts:

1. Skin friction contribution
2. Fuselage upsweep contribution
3. Fuselage base drag contribution

4. Windshield contribution

2.1.1  Effect of fineness ratio

Before to study how the semi-empirical methods to calculate a vari-
ous contributions to Cp, it’s important introduce an older approach
(reported in [23]) that highlights the effect of one of most important
parameter, the fineness ratio L¢/d (or slenderness ratio).

10
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The fuselage is considered a body of revolution (ellipsoid). It's
possible calculate the drag coefficient of the axisymmetric fuselage by
evaluating the skin friction coefficient of a flat plate, whose surface
is equal to the wet surface of the fuselage and the Reynolds number
is evaluated on the fuselage length, and a shape factor to account for
pressure drag. The formula is:

CDSref = Cfswel’t(1 + d)) (24)

where Cp is the drag coefficient, S, is the reference surface, Cr is
the flat plate skin friction coefficient, S,yet is the wet surface of the
fuselage, and ¢ is the shape factor that is function of the slenderness
ratio. The drag coefficient for bodies of different slender ratio and
reference area it is represented in figure 6. The slender ratio of 1
represents a sphere, whereas very streamlined bodies are indicated
by high values of the slender ratio. Three reference areas are consid-
ered: the body wetted surface, the body frontal area, and the area
representative of the body volume. The drag coefficient strongly de-
pends from the reference area. The curve that refers to the frontal
area (which is constant with slender ratio) presents a minimum be-
tween values of L¢/d¢ between 2 and 3. On the contrary, the curve
that refers to the wetted area (which increases with the slender ratio)
presents an asymptote equal to the drag coefficient of the flat plate
for high values of the slender ratio. Finally, the curve that refers to
the volume presents a minimum for L¢/d¢ = 5.

By looking at these last two curves it is apparent the convenience of
high values of the slender ratio, because of the low value of the drag
coefficient and the availability of space for payload (bigger volume
for a given frontal area).

2.1.2  Skin friction contribution

The fuselage form factor is computed according the following equa-

tion
+0.0025 - (m>] (2.5)

] SWF

Fefus = |1+ ~7IF~2

SWF

where ZLF is the fuselage length and SWF is fuselage equivalent
diameter. The skin friction coefficient depends on the Reynolds and
on the Mach number and it is known for the flat plate since this prob-
lem has been analytically resolved. A formulation for the turbulent
skin friction coefficient is the following, which has been used in the
fuselage estimation

turb 0.455

C = (log Re)2:58 . (1 4-0.144 - M2)0:58

(2.6)

1"
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Figure 6: Semi-empirical drag estimation for smooth streamlined bodies (el-
lipsoid). Re = 107. Fully turbulent flow. Flat plate analogy [23].

The skin friction coefficient depends on the Reynolds number, which
is different for each aircraft components. A "cut-off" Reynolds num-
ber Re., has been computed for each component. This Re., depends
on the characteristic dimensions of the component, /, (i.e. the length
for the fuselage) and on a coefficient k that takes into account the
effect of the surface roughness, through the following formulation

Reco = 38.21- (%) 1093

If the component Reynolds number is greater than Re.,, the skin
friction coefficient is computed considering Re., in the formulation,
otherwise the reference Reynolds number should be used.

(2.7)

Wetted surface

In the semi-empirical methods the wet surface assumes a consider-
able importance. Therefore it’s important estimate the correct value
of it for each part of aircraft. As regard the fuselage the wetted area
can be computed by adding the contribution of the nose section, cabin
section and tapered tailcone. This requires knowledge of the actual
fuselage shape, but for typical transport aircraft, the wetted area of
the nose and tail cone may be approximated by:

Sweto, = 0.75 -7+ dy - Ly Swetyy = 0.72-7- d¢ - Ly (2.8)

where df is the diameter of the constant section and L,, and L; are
the length of the nose and tailcone respectively.

12
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Figure 7: Definition of fuselage upsweep angle.

Considering the effect of the fairing® and of the karman?, the total
wetted area should be increased of about 20% thus leading to :

SwetFAlR+KARM+FUS =1.20- SwetFus

2.1.3 Fuselage upsweep contribution

The drag due to the upward curvature of the aft fuselage is the sum
of a fuselage pressure drag increment due to the upsweep and a drag
increment due to a loss of lift. Because of the loss of lift, the airplane
must fly at a higher wing lift coefficient in order to maintain the
required net airplane Cp. This causes an increase in lift-dependent
drag [10]. The geometric parameter used to correlate upsweep drag
with fuselage shape is the vertical displacement of the fuselage cen-
terline in the tail cone above the fuselage reference plane. The vertical
position of the center of cross-sectional area is measured, not at the
end of the fuselage, but at a point that is located 75% of the total up-
sweep length (see figure 7). The parameter is thus (%).75“. This is to
minimize the effect of modifications at the very aft end of the fuselage
that do not produce much change in the effective upsweep. The total
upsweep drag increment (including each of the two terms discussed
previously) increases with the parameter, (h/1) 751+ , according to the
following expression, derived from wind tunnel data:

h
CDnupsweep =0.075- <]'>‘751t (2.9)

The subscript 7t denotes the fact that this Cp is nondimensionalized
by fuselage maximum cross-sectional area, rather than reference wing
area. To obtain the increment in Cp based on wing area, remember to
multiply by the ratio of fuselage cross section area to wing area. Typ-
ical values of Cppgyeep are around 0.006. Two points are of interest
with regard to aft-fuselage upsweep [10]:

1. Tests of fuselage shapes in the absence of the wing yield results
that greatly overestimate the magnitude of the upsweep drag.

1 fairing is a structure in the areas of landing gear whose primary function is to pro-
duce a smooth outline of the fuselage in order to reduce the drag
2 karman is the fuselage-wing joint surface

13
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2. Wind tunnel test results have indicated that the loss of lift due
to upsweep is significantly greater than just the download on
the aft fuselage, which suggests that there is a flow change over
the wing and forward fuselage due to the aft-fuselage upsweep.
Also, the net change in pitching moment due to upsweep is
an increased nose-down moment instead of a nose-up moment
that might be expected. As a result, the loss in lift does not
complement the download on the tail that is required to trim
the airplane. In fact, the effect of upsweep is to slightly increase
the airplane trim drag.

2.1.4 Fuselage base drag contribution

The base drag coefficient is not negligible for bodies of revolution
such as the fuselage and nacelles, since the flow is not completely
attached to the body, but it separates in its rear part generating an
increase of the total drag coefficient. In order to clarify the origin
of this drag source, the flow around the reference fuselage has been
compared with that around an other geometry which has a different
tailcone (more sharp than that of reference). The comparison has
been carried out with the CFD software Star-CCM+. Figure 8 shows
the flow in the rear part is attached for the reference fuselage while
for the other there’s a separation due to a squat shape of rear part,
which causes a higher base drag.

The base drag coefficient can be computed using the following for-
mulation for a body of revolution [20]:

3 1/2
cDbase_{o.oz9.<‘2’> /[CD-<S§3f)] }(sz> (2.10)

where dy, is the base diameter, d is the diameter of the body of
revolution, Cp is the skin friction drag coefficient of the body of revo-
lution, S,¢f is the reference surface, and S is the surface of the body of
revolution (i.e. the maximum frontal area). In the figure 9, the plot of
drag due to the form of rear part as a function of the tailcone fineness
ratio is reported.

2.1.5 Windshield contribution

Profile drag is a strong function of front body shape. Blunt fore-
bodies promote flow separations which lead to high profile drag.
Fore-body bluntness can be caused by:

e Poor cockpit window or canopy shaping

¢ Requirement for front and loading

14
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L2 Mach Number
0.0052429 0.13347 0.26170 0.38993 051816 0.64638

(a) Sharp tail geometry

i“ Mach Number
'X‘ -0.20882 -0.047937 0.11295 0.27384 0.43473 0.50561

(b) Reference tail geometry

Figure 8: Flow around the rear part of the fuselage.

The ideal "streamline" nose shape can be achieved only if the wind-
shields are integrated into the surface fuselage. Although drag can be
considerably reduced by these types of windshield fairing, image dis-
tortions may be introduced if the "fairing angle" becomes too acute.
In the case of transport aircraft the requirement for good visibility
from the cockpit becomes a dominant design criterion. This calls for
a large canopy. Therefore the canopy drag becomes an import factor
in the design of the fuselage. The contribute of the windshield can be
estimated as a percentage of the fuselage drag coefficient referred to
the streamlined configuration [20].

If the skin friction drag coefficient (Cp_,) of the fuselage is known,
the effect of the windshield can be estimated as follows (for ACp,,
and Cp,,, see figure 10):

_ ACpy

Coys = Conue (2.11)

Dsf

15
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Figure 9: Afterbody drag of a fuselage tail [23].

2.2 FUSELAGE MOMENT COEFFICIENT PREDICTION

It is known that the contribution of the fuselage to the static longitu-
dinal stability of the airplane are nearly always destabilizing, and in
many cases the destabilizing effects are quite large in magnitude [17].
If the fuselage is considered operating at some angle of attack to the
free stream in an ideal fluid, the resulting pressure distribution over
the fuselage yields only a pure couple, with no resultant force, the
center of pressure being at infinity.

M. Munk [15] demonstrated that, for a very slender body of revo-
lution, the variation of the pitching moment with angle of attack in
degrees is a function of the volume and the dynamic pressure.

% _Volume (2.12)
on | T 287 4 '

This equation is corrected by a factor (K, — Kj), depending on the
fuselage fineness ratio (L/D) as given in figure 11.

oM Volume
<aoc> =7 (K2 —Kjy) (2.13)

For axially unsymmetric bodies equation (2.13) can be written as
approximately

M S(Ka—XKq) [
(a(x> = q(3265]) . L wi? dx (2.14)

16
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Figure 10: Semi-empirical method for estimation of windshield drag contri-
bution [20].

where w2 is the local width of the fuselage, and dx an increment
of fuselage length 1.

The wing’s induced flow, consisting of heavy upwash in front of the
wing due to the bound vortex, has a heavy destabilizing influence on
the fuselage sections ahead the wing, whereas the downwash behind
the wing reduces the unstable contribution of the fuselage segments
behind the wing.

Multhopp proposed the formula (2.15) to account for this phe-

nomenon:
oM\  q (Y ,(0p
(aa> ~ 365 L wr <6oc dx

where f3 is the angle of the local flow and is equal to the free stream
angle of attack plus the induced flow due to wing. Ahead of the wing
the induced upwash adds to the angle of free stream, making (03/0x)
greater than unity, while behind the wing the induced downwash
subtracts from the free stream angle and (0f3/0«) is less than unity
and becomes (1 — 0e/0«) at the tail. In the region between the wing
leading and trailing edge, (0(3/0«) is considered zero.

The integral equation (2.15) is evaluated by dividing the fuselage
into segments (see 12), computing the value of w¢?(df/dx) - Ax for
each segment and adding them up. For the evaluation of contribu-
tions please refer to [14]. A simpler, but less accurate, method for
estimating the fuselage contribution to equilibrium and stability is to
use the following formula [17]:

(2.15)

17



o /
0 2 4 6 8 10 12
L/D, Flneness ratlo

Figure 11: Fuselage correction for fineness ratio.

Segments 1-5 dB/da from curve 5-15a

dp /de from curve 5-15b

dB8_x de
Segments 7-14 ——=2(1——
s da I da)

Segment 6

8=14 .
dM/da=3g‘5 > w_fzdig Az

g=1

Figure 12: Typical layout for computing fuselage moments.
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aCM _ Kf 'sz . Lf (2 16)
aCL N SW-C~C[_LX )

where Ly is the overall fuselage length, wy is the maximum width of
the fuselage, c is the m.a.c. and the K¢ is an empirical factor developed
from experimental evidence [7]. The variation of this factor with the
wing position is given in figure 13.

2.3 EXAMPLE OF APPLICATION

In this section the semi-empirical methods are used to obtain the drag
and moment coefficients for the most famous regional turboprops,
that’s to say the ATR-72 (figure 14) and Bombardier Dash8-Q4o0 (fig-
ure 15) . The aircraft data have been taken from [2], [9] and [5].

2.3.1  Drag estimation for ATR-72

As it has been seen in the previous sections, in the fuselage parasite
drag contributions can be accounted:

1. Skin friction contribution
2. Fuselage upsweep contribution
3. Fuselage base drag contribution

4. Windshield contribution

Skin friction contribution

The skin friction contribution can be evaluated from equation 2.3 and
therefore it is necessary to estimate the form factor and the skin fric-
tion coefficient. The latter is obtained from equation 2.6, with the

19
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Figure 14: ATR-72 dimensions.

Mach and the Reynolds number (the last one referred to fuselage

length) respectively equal to 0.43 and to 138x10°. In table 2 the nec-
essary parameters are shown. From equations 2.8 it has been possible
to estimate the wet surfaces of the nose and of the tailcone, while for

cabin, the wet surface is simply equal to that of a cylinder.

Swetne = 0.75 -7~ df - Ly = 32.84 m?
Swetepn = 70+ df - Le = 99.10 m?
Swetyy = 0.72-7-df - Ly = 63.05 m?
Swet = Swetnese T Sweteapin T Swety = 195.00 m?

ZLF (m) SWF (m) Swet (mz) Sref ( mz) kf (m) Cf

Value  27.17 2.70 195.00 61.00 0.405x107° 0.0019

Table 2: The parameters of ATR-72 to compute the skin friction contribution

to drag coefficient.
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Figure 15: Bombardier Dash8-Q400 dimensions.

The fuselage Reynolds number is lower than Re., (to compute the
Re¢,, see equation 2.7), therefore the skin friction coefficient is com-
puted considering the reference Reynolds number.

60 ZLF
Frius = |1+ —gppz +00025 - SWF)] — 1.0840
SWF

The value of the skin friction coefficient is the following.

Cp,, = C¢Fs Swet _ 0,0069;
Sref
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Fuselage upsweep contribution

The contribution of the upsweep angle to drag can be evaluated from
equation 2.9, where h is equal to 0.61 m and / equal to 13.4 m (these
values can be pull out graphically from figure 14).

Cp —0.075 - (h> st = 0.0003

upsweep 1

Fuselage base drag contribution

The contribution of the base drag can be evaluated from equation 2.10,
where dy, is equal to 0.35 m (estimated from the figure 14), d is the
fuselage diameter (SWF in the table 2), S and S, are respectively the
wet and reference surface, and these are reported in table 2.

conn={osm () /feo ()] () -

= 0.0002

Windshield contribution

The windshield contribution can be evaluated from equation 2.11 and
with the help of the figure 16.
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Once estimated the different contributions, the total drag coeffi-
cient is simply the sum of these contributions.

Cp = CDSf +Cp -+ CDbase + CDWS = 0.0085

upsweep

2.3.2 Drag estimation for Dash8-Q400

In a similar manner to what was done for the ATR-72, in this sec-
tion the semi-empirical methods are used to estimate the different
contributions to drag coefficient for Dash8-Q400. The flight condi-
tions are the similar those of ATR-72: Mach number equal to 0.50 and
Reynolds number (referred to fuselage length) equal to 149x10°. The
wet surfaces are estimated with equations 2.8 and in the table 3, the
necessary parameters are reported.

Swetye = 0.75 -7~ df - Ly = 22.04 m?
Swetpy, = 7 df - Lo = 149.14 m?
Swety, = 0.72-m-df - Ly = 60.32 m?
Swet = Swetnee + Swetpy + Swetyy = 231.51 m?

ZLF @) SWF m Swet (m2)  Sief ( m?2) k¢ m Ct

Value 31.04 2.69 231.51 63.08 0405x1075  0.0020

Table 3: The parameters of Dash8-Q400 to compute the skin friction contri-
bution to drag coefficient.

As before, the fuselage Reynolds number is lower than Re., there-
fore the skin friction coefficient is computed considering the reference
Reynolds number.

Ff,fus =

60 ZLF
14 ey +0.0025- (SWF)] — 1.0679

SWF
The value of the skin friction coefficient is the following.

__S
Cp,, = C¢Fy Swet = 0.0078

ref
The contribution of the upsweep angle to drag can be evaluated
from equation 2.9, where & is equal to 0.97 m and [ equal to 7.43 m
(these values can be pull out graphically from figure 15).

h
CDypenseep = 0075 <1> 75t = 0.0009
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The contribution of the base drag can be evaluated from equa-
tion 2.10, where dy, is equal to 0.35 m (estimated from the figure 14),
d is the fuselage diameter (SWF in the table 2), S and S, are respec-
tively the wet and reference surface, and these are reported in table 2.

cone 002 () /oo ()]} () -

= 0.0001

The windshield contribution can be neglected because, unlike the
ATR-72, the shape of the nose is very smooth as it can be see from
figure 17.

(a) ATR-72 (b) Dash8-Q400

Figure 17: The comparison of the nose shape.

Cpys =0

The total drag coefficient is simply the sum of the contributions.

Cp = CDsf +Cp + CDbase + CDws = 0.0088

upsweep

2.3.3 Pitching moment estimation for ATR-72

The strip method has been used to evaluated the moment coefficient
at oc equal to 0° and the moment curve slope for ATR-72. The fuselage
are dived into 46 strips (20 forward the wing, 6 on the wing, and 20
behind the wing) as it’s possible to see in the figure 18. The flight
conditions are the same of that used to estimate the drag coefficient
(for ATR-72).

e M =043
o Rer, = 138x10°

e & =0°2°
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|

Figure 18: Strips for ATR-72

The results are the following.

ChMigeg = —0.0832
Cay = 0.0222

2.3.4 Pitching moment estimation for Dash8-Q400

The strip method has been used also to evaluated the moment coef-
ficient at & equal to 0° and the moment curve slope for Dash8-Q4o0.
As before the fuselage are dived into 46 strips (20 forward the wing,
6 on the wing, and 20 behind the wing). The flight conditions are the
same of that used to estimate the drag coefficient (for Dash8-Q400).

e M=o0.50
o Rer, = 149x10°
® o =0°%2°
The results are the following.

ChMgeg = —0.0859

Cay = 0.0247



3 A NUMERICAL APPROACH

The method developed in this thesis permits to evaluate the aerody-
namic coefficients for fuselages of an entire aircraft category (regional
turboprops) and it can be very helpful in preliminary design phase
because it permits to make trade-offs choices quickly. The need to de-
velop a numerical approach to predict the aerodynamic coefficients
is due to lack of experimental data. In fact, to extract the fuselage
contributions to aerodynamic forces from flight tests, when possible,
is quite difficult. Moreover the wind-tunnel tests data, those of pub-
lic domain, are referred to geometries of fuselage too different from
that of a turboprop. For instance, Abbott evaluated, in a density vari-
able wind-tunnel, the drag coefficient for few forms of fuselage but
all these have a fineness ratio equal to 5 [1]. Draley studied the drag
coefficient but taking into account the "wing-body" configuration [6].
However, even in this case, the geometries were very different from
that of a turboprop. In the figure 19 is reported a comparison of the
geometries cited before. An other limit for the wind-tunnel tests is
one for which is possible to investigate only few fuselage geometries
because it would be necessary to build a different model for each
analysis whereas with the CFD method is possible to investigate lots
of geometries varying the numerical model in a small amount of time.
Perhaps this aspect is the most important strength point for the CFD
approach.

The lack of experimental data is a problem also to validate the
numerical results. However it has emerged from five NASA work-
shops about the aerodynamics drag prediction [11], that maybe it is
not necessary to make a comparison between the experimental and
numerical results to validate the latter, because the boundary condi-

Howe abepe "
Ut Nose 3, 90.00" 650" diam.-.
' k 63.00" J
Body 3
(a) Abbott [1] (b) Draley [6]
¢

(c) Reference

Figure 19: Comparison of analysed geometries experimentally with that of
reference.
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WIND TUNNEL TEST CFD
Walls Free Air
Support System (Sting) Free Air
Laminar/Turbulent (Tripped) "Fully" Turbulent (usually)
Aeroelastic Deformation Rigid
Measurement Uncertainty Numerical Uncertainty & Error
Corrections for known effects No Corrections

Table 4: Reasons to not compare CFD and wind-tunnel results [11].

tions are quite different. The table 4 summarizes the reasons of the
above. From the last workshop it was come light that:

Drag comparisons to wind tunnel generally favorable (although
it is not clear if they actually would have to agree).

Force/Moment predictions are better at low o

In this thesis, the numerical results have been validated comparing
it with that presented in [5] and with other previous works done by
DIAS (now DII).

To investigate numerous fuselage shapes, a MATLAB script has
been developed to modify a given reference geometry. The modi-
fications concern the fineness ratio of nose, cabin and tailcone, the
upsweep angle or the windshield angle. It’s possible to do multi-
ple changes at the same time. The modifications are done altering
the disposition of the sections along x or z axis or along both direc-
tions. Afterwards the geometry is passed to Star-CCM+ where the
new CAD model is obtained through the loft' operation. The latter is
possible to build the numerical domain in automatically using JAVA
macros. To cut down the CPU time, the software Star-CCM+ has
been used on the University’s grid computing infrastructure SCoPE
to simulate lots configurations. The files and the procedure necessary
to run the simulation on SCoPE are reported in appendix B. The post-
processing has been done in automatic way using Star-CCM+ in batch
mode in MATLAB environment and two JAVA macros which extract
the aerodynamic coefficients. Data results have been gathered and
plotted in charts to highlight trendlines of aerodynamic coefficients
with geometric parameters. In the figure 20 is reported the work flow.

In the following sections the software Star-CCM+ and SCoPE are
described in depth. These sections are excerpt from [4]. Afterwards
it is analysed the numerical model used for the simulations and the
test cases done to raise the mesh quality. Finally the MATLAB code
that modifies the reference geometry is introduced.

1 Please see [21]
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STAR-CCM+
A new CAD model is
created and the numeri-
cal domain is built with
the help of JAVA macros

Figure 20: The workflow of the proposed methodology.

3.1 THE SOFTWARE STAR-CCM+

Solving the Navier-Stokes equations, even in their simplest form, for
a three-dimensional complex geometry, it’s not a trivial task. It is
necessary a (bundle) software that provides CAD geometry import,
mesh generation, solver and post-process analysis. It has to be reli-
able and possibly easy to use, the latter to better concentrate on the
physics of the problem. Star-CCM+ is more than a Computational
Fluid Dynamics (CFD) solver. It is an entire engineering process for
solving problems involving flow (of fluids or solids), heat transfer
and stress, based on object-oriented programming technology. It can
handle large models with parallel solver both in local (desktop com-
puter) and on hundreds of CPU on a cluster grid by CLI In the local
client everything run in a single environment, from the geometry cre-
ation to the results visualization.

Another interesting feature is the possibility to automate tasks with
Java macros. They can be recorded and played inside the software
environment, though they can be edited manually and called from
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/'\

‘Q*

Figure 21: Vertex, face and cell definition in Star-CCM+.

CLI. This resulted convenient in the present work, since lot’s of runs
were similar, changing only a parameter per run. Java macros are
mandatory when executing Star-CCM+ on a cluster grid like SCoPE.

Star-CCM+ solver is based on the finite volume method. The so-
lution domain is subdivided into a finite number of small control
volumes, called cells, formed by a collection of faces, that in turn are a
collection of vertices (points in space defined by a position vector, see
figure 21). The faces of a cell should not intersect each other, except
where they touch along the common edges, that is the control vol-
umes must not overlap. The volume mesh obtained is the mathemati-
cal representation of the space where the problem is being solved, i.e.
the computational domain. To preserve sharp edges, feature curves
can be defined. Last, but not least, the software generates a single
simulation (.sim) file, containing everything necessary to run locally.

3.1.1 Simulation workflow

The most general workflow is represented in Figure 22 and briefly
described here.

GEOMETRY can be imported from other CAD software or created di-
rectly in Star-CCM+ , though in version 8.04 (used in this work)
the CAD environment can handle only very simple shapes. What-
ever the method, geometry is a collection of surfaces and curves.

SIMULATION TOPOLOGY is the computational model defined as re-
gions and boundaries to which physics can be applied. For ex-
ternal aerodynamics, a volume (e. g.a block shape) representing
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Figure 22: General sequence of operations in a Star-CCM+ analysis.

the fluid domain to be simulated must contain the entire geom-
etry inside.

MESH is the numerical domain. Star-CCM+ can easily and automat-
ically generate surface and volume mesh, once defined several
parameters, including size and refinement quality.

PHYSICS MODELS can be easily enabled. Star-CCM+ can handle sin-
gle and multi-phase fluid flow, heat transfer, turbulence, solid
stress, dynamic fluid-body interaction, aeroacoustics and related
phenomena.

REPORTS, MONITORS AND PLOTS should be defined and activated
to check for convergence, since Star-CCM+ uses an iterative
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procedure to reach the solution to the transport equations that
satisfies the boundary conditions for a chosen scenario.

RUN THE SIMULATION will automatically initialize the solution and
launch the solver. For an interactive session, residuals will be
plotted in the client workspace and reported in the output win-
dow. For batch sessions, residuals will be echoed to the com-
mand console. The simulation can be stopped and resumed
anytime.

RESULTS can be visualized with scenes as contours, vectors and stream-
lines. It is possible to create animated scenes. Scatter plots are
also possible. In an interactive session, graphical results can be
visualized as the simulation run, step by step.

3.1.2  Main mesh parameter

For a greater clarity, the definitions of principal mesh parameters are
reported in the table 5. It is recommended to read [21].

Base Size Characteristic dimension of the model.
Number of Prism Layers Number of cell layers that are generated
within the prism layer on a boundary sur-
face.
D . - [ ravert
Stretch Factor Ratio of the thickness of one cell layer to

the thickness of the cell layer beneath it.

Core mesh Streteh Factor = ny / ny

S S Z T‘ ?
Prism Layer Thickness Total overall thickness of all the prism lay-
ers.
S o 7 I

Table 5: Principal mesh parameters [21].
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3.1.3 Convergence

The stopping criterium chosen is a prescribed number of iterative
steps order of magnitude as thousand. Convergence is judged by
looking at the oscillations of the aerodynamic coefficients and the
wall y*. The oscillations must be reduced beneath of a certain thresh-
old that, in this work, has been fixed equal to +1 0-°. Having chosen
Spalart-Allmaras as turbulence model, it is important to check the
value of the dimensionless wall distance

*
+_4Yy
v

(3-1)

where y is the normal distance from the wall to the wall-cell centroid,
u* is a reference velocity and v is the kinematic viscosity. According
to the model’s formulation, the entire turbulent boundary layer, in-
cluding the viscous sublayer, ought to be accurately resolved and the
model can be applied on fine meshes, that is small values, order of
magnitude as unity, are required [21].

3.2 THE SCOPE GRID INFRASTRUCTURE

At time of writing, no desktop computer could handle CFD 3D simu-
lations of millions of cells in a reasonable amount of time. This work
saw the light also thanks to the availability of the University’s clus-
ter grid, since lots of configurations, from wing alone to the whole
airplane, at several angles of incidence and Reynolds numbers had
to be analyzed. Runs with 16, 32 or 64 CPUs per simulation were
commons to get results within a day.

SCoPE is a scientific data center, based on a grid computing infras-
tructure, and it is a collaborative system for scientific applications in
many areas of research. It is a project started in 2006 by the University
of Naples "Federico II".

The data center hosts about 300 eight-core blade servers, 220 ter-

abyte of storage, and is already able to accommodate 500 more servers.

Actually it has over 2400 CPUs. The scientific applications are of the
areas of Astrophysics, Chemistry, Mathematics, Medicine, Engineer-
ing and Physics. The data center is located in the Monte S. Angelo
Campus, which already hosts the Faculty of Sciences and it is close
to the Faculty of Engineering, with kilometers of preexisting optical
fibers. The network infrastructure is shown in Figure 23.

Here follows some interesting data:

o localization in a building of about 150 m?;

e power plant capable of delivering 1 MW of electric power in a
continuous mode;
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optical fibers network

Figure 23: The SCoPE network infrastructure [22].

o efficient cooling system, capable of dissipating 2000 W/m?> and
30000 W per rack;

e standard (Gigabit Ethernet) networking infrastructure, with a
high capacity switching fabric;

¢ low latency (Infiniband) networking infrastructure, with a sin-
gle switching fabric for each group of 256 servers;

e large storage capacity, both nas (Network Attached Storage)
working with the iscs1 protocol, and san (Storage Area Net-
work), working with a Fibre Channel Infrastructure;

e open source (Scientific Linux) for the operating system;

¢ integrated monitoring system for all the devices of the data cen-
ter, able to monitor the most relevant parameters of server, stor-
age, networking, as well as all the environmental parameters
(as temperature, humidity and power consumption) [13].

Figure 24 is a glance of the data center. Running a Star-CCM+ simula-
tion on SCoPE requires three external files, described in Appendix B.

3.3 NUMERICAL MODEL

The model investigated in this work, as argued in the previous sec-
tions, is the fuselage of a regional transport turboprop aircraft with go
seats. The latter has the dimensions similar to those of ATR-72 fuse-
lage. In order to define the numerical model, in particular way for the
mesh, the recommendations of the last NASA workshop [11] have
been followed. The numerical domain consists in a parallelepiped
which represents the farfield with the model of the fuselage located on
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|

(a) Three rack servers of the data center.

(d) Cables above the racks.

Figure 24: Some images of the SCoPE data center [22].

the longitudinal plane of symmetry, at one third of the block length
from the inlet face (figure 25).

y Fuselage

Z
A

Figure 25: Block shape that defines the fluid domain around the model.

The block defines the farfield numerical region which was shaped
with the free stream boundary condition. As regarding the fuselage
the no-slip boundary condition was fixed [21]. To modelling flow and
energy, it was chosen the coupled flow model which solves the con-
servation equations for mass and momentum simultaneously using
a time- (or pseudo-time-) marching approach. One advantage of this
formulation is that CPU time scales linearly with cell count; in other
words, the convergence rate does not deteriorate as the mesh is re-
fined [21]. The turbulent model chosen is Spalart-Allmaras which
solves a single transport equation that determines the turbulent vis-
cosity. This is in contrast to many of the early one-equation models
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that solve an equation for the transport of turbulent kinetic energy
and required an algebraic prescription of a length scale. Therefore it
is faster than other turbulence model and reliable for external aero-
dynamics [21]. With this model, it must be verified if the value of
the dimensionless wall distance y+ is of order of magnitude as unity.
The whole analysis in this work refers to cruise conditions. The main
physics and mesh data are resumed in the table 6.

Mesh data
Mesh type Polyhedral cells
Base size 12.0m
Farfield dimensions 30-L¢ 10-L¢ 20-L¢
Number of prism layers 20
Prism layer stretching 1.3
Number of cells 2380515
Min. cell size 0.1% base size
Target cell size 1% base size
Prism layer size 0.03% base size

Physics data

Angle of attack 0°-2°
Reynolds number 2.02x103 (based on Ly)
Mach number 0.52
Flow regime Fully turbulent (Spalart-Allmaras model)

Table 6: Mesh and physics data for numerical model.

3.3.1  Test-cases

The test-cases have been performed to compare two kinds of passen-
gers accommodation and to improve the mesh quality. In the first
case it was chosen the 5 abreast accommodation for the passengers to
achieve a comfort comparable to that of transport jet. The advantages
of 5 abreast comparing with 4 abreast can be resume as following [8].

e Cargo area sub-floor shorter and more usable; ample luggage
in the cabin.

e Easier installation of landing gear.
o Less two emergency doors.

¢ Less one component of cabin crew.
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Figure 26: Aerodynamic comparison between 4 and 5 abreast fuselage.
M = 0.52, Re = 11.5x10°.

From aerodynamic point of view, the choice of 5 abreast is little
disadvantageous [16]. As evidence, a comparison between 4 and
5 abreast fuselage configuration has been done. In the figure 26 are
reported the results of comparison. For the 5 abreast configuration a
certain amount of drag counts plus and a lower longitudinal stability.
This is the price to pay for a more comfortable fuselage.

Other test-cases have been performed, both to assess how fine must
be the mesh to provide an accurate and computationally affordable
result. A typical mesh scene is reported in figure 27.

Figure 27: Mesh around the reference fuselage.

The optimal value for the mesh size has been calculated by scaling
a mesh with a good representation of the underlying geometry and
running a simulation in the same cruise conditions (M = 0.52, Re =
17.4%10°). The aerodynamic drag coefficient Cp has been plotted ver-
sus the number of cells of each mesh (figure 28). Once the Cp curve
does not vary with the number of cells, the "mesh convergence" has
been achieved. It means that it is not useful to increase the number of
cells because the aerodynamic coefficients do not vary, whereas the
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computational time increases. Finally the figure 29 shows how the
value of y+ is less than unity as desired.

[ T
—e— Cp
| = Cp |
80 +CDI;
£ 60t :
e
@) L |
S 40
20 |- y
0 1 2 3 4

Millions of polyhedral cells

Figure 28: Test case on mesh convergence. M = 0.52, Re = 17.4%10°.
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Figure 29: The y+ value for the reference geometry.

3.4 PROCESSING OF GEOMETRY WITH MATLAB

The geometry of fuselage was modified through a MATLAB script
which, as mentioned before, allows to modify the fineness ratio of
each part of the fuselage (nose, cabin and tailcone), the windshield
and/or the upsweep angle. The code is implemented in a "interac-
tive" way, that’s to say it prompts to user what changes to make
avoiding to look for the part of interest within the code. This fea-
ture is very helpful because it makes the code user friendly. In the
figure 30 there’s an example of a work window.

The reference fuselage has been divided into 43 sections which are
imported in MATLAB. For each of them the points are stored in a cell
array>. Therefore each cell of the array incorporates the points of one

2 For a definition of cell array see [12]
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Figure 30: An example of work window.

section. It is necessary to sort the sections along the x axis. At this
point, the geometry of fuselage is ready to be modified. The part of
the code described until now is reported in the listing 1. In particular,
the next part is excerpt from the ninth version of the code. This initial
part is equal for all versions.

clear all; close all; clc;

%
]

o°

V.Cusati, D.Ciliberti,

%

% Naples, 2014.

% The code creates the profile of fuselage starting from points of the CAD
% model. The points are stored in a cell array (thanks to Danilo).

% Then the code allows to change slenderness ratio of the

% fuselage, those of the nose and tail. The geometry is exported in a

% ".csv" file in order to create a CAD through Star-CCM+.

%

% This version of the code implements the "COMBINATED" changes of geometry
% along x-axis and z-axis. Particularly the code modifies the windshield

o0

angle shifting the nose sections along z-axis for fixed SR. At the same
way, it modifies the upsweep angle shifting the tail sections along
% z-axis for fixed SR.

o°

%

load ’'fus_alenia.mat’
% Section: NOSE=1:13. CABIN=14:22. TAIL=23:43.
np = 18; % Number of points useful to describe the contour

% of a section

P

%figure()
for j = l:numel(sezioni)
dummy = [sezioni{j}];
dummy = unique(dummy, ‘rows”);
yM(j) = max(dummy(:,2));
ym(j) = min(dummy(:,2));
zM(j) = max(dummy(:,3));
zm(j) = min(dummy(:,3));
% rr is the ratio between the (max(y)-min(y)) and (max(z)-min(z))/2
% for each section. If rr=1 --> section==circumference.
re(j) = (2M(3)-zm(3))/(2x(yM(3)-ym(j)));
% Right part of the fuselage.
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vxr(:,j) = ones(np,1l).*dummy(1,1);
vzr(:,j) = linspace(zm(j),zM(j),np);
vyr(:,j) = interpl(dummy(:,3),dummy(:,2),vzr(:,j));
vyr(l,j) = 0;
vyr(end,j) =0
end

rr = rr’; % Column vector.
% Left part of the fuselage.
vyl = flipud(-1xvyr);

vyl = vyl(2:end,:);

vxl = vxr(2:end,:);

vzl = flipud(vzr);

vzl = vz1l(2:end,:);

% v complete

vy=[vyr;vyl];
vx=[vxr;vxl];
vz=[vzr;vzl];
%plot3(vx,vy,vz, -r’")
%axis equal

% Scale factor (mm --> m)

vx = vx/1000;
vy = vy/1000;
vz = vz/1000;

o

% The correct sorting of fuselage sections for loft into Star-CCM+
X = zeros((2xnp-1),43); Y=X; Z=Y;
X(:,1:13)=vx(:,1:13);

Y(:,1:13)=vy(:,1:13);

Z(:,1:13)=vz(:,1:13);

X(:,14) = vx(:,42);Y(:,14) = vy(:,42);Z(:,14) = vz(:,42);
X(:,15) = vx(.,43);Y(.,15) = vy(:,43);Z(:,15) = vz(:,43);
vvx(:,16:43) = fliplr(vx(:,14:41));

vvy(:,16:43) = fliplr(vy(:,14:41));

vvz(:,16:43) = fliplr(vz(:,14:41));

X(:,16:43) = vvx(:,16:43);

Y(:,16:43) = vvy(:,16:43);

Z(:,16:43) = vvz(:,16:43);

% Case identification

caselD = 0;

% Exporting to a csv file

originale = menu(’Generate the CSV for the original fuselage?’, Yes’, 'No’);
if originale ==

m=1;
for k = 1:1ength(sezioni) % length([sezioni])=43
S((m:m+size(X,1)-1), = [X(: , Y(i, k), Z(:,k)1; % X(:,k)=(35,k)
m=m+ size(X,1); % 51ze(X,l)— 35
end
csvwrite([’oo”,mat2str(caseID), .csv’],S)
end

Listing 1: Part of MATLAB code that rebuild the fuselage geometry.

For all modifications, the fuselage diameter, dy, is always constant.
Therefore, to change the fineness ratio of the fuselage components,
these are simply stretched (or shortened). This has been done trans-
lating rigidly the sections along x axis. Instead, in the case of wind-
shield and upsweep angle modifications, the sections are translated
along z axis in opportune way. Each parameter is changed keeping
the other constant. For instance, a change in fuselage slenderness ra-
tio requires a stretch of the cabin, without changing the shape of nose
and tail. Conversely, a change in nose or tail shape does not alter the
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Figure 31: The fuselage divided in sections.

geometry of the other components. Table 7 lists the parameters inves-
tigated and their values. For the definition of the parameters refer to
figure 5.

FR - - - 7 8§ 869 95 11 12
FRn 11 12 13 14 15 16 17 - -
FRy 23 24 25 26 27 283 29 3 -

Table 7: Fineness ratios of the fuselage components for the parametric in-
vestigation.

3.4.1  Modification of the nose

In the listing 2 is reported the part of the script which modifies only
the nose along x axis. This part (as the next two parts which modify
cabin and tailcone) is excerpted from the sixth version of the code
which implements all different changes along x axis. As previously
stated, the nose is modified while the cabin and tail are the same of
those of reference. The fineness ratios investigated are reported in
the second row of table 7. For any doubts about MATLAB functions
used it is suggested to consult the manual [12].

1 | %% NOSE

2%

3 | % Design slenderness ratio of nose: srn = 1.61

4| %

5 | var_nose = menu(’Do you want to do a parametric study on the nose?’, ...
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FRn = Ln/df FR = Lf/df FRt = Lt/df
. -
Ln Lt
L

Figure 32: Main geoemtrical parameter.

"Yes”, 'No’);
if var_nose ==1
Ln = unique(X(:,13)-X(:,1)); % Design Lnose.
dn = Dfus; % Design dnose.
srn = Ln/dn; % Design slenderness ratio of nose.

prompt = {’Enter nose slenderness ratios to study:’};
dlg_title = "Waiting for user input’;
num_lines = 1;
def = {"1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7'}; % Default values
answer = inputdlg(prompt,dlg_title,num_lines,def);
stringa = cell2mat(answer);
new_srn = str2num(stringa); % New slenderness ratio of nose.
% Pre-allocation
Xsrn = zeros(length(X(:,1)),43);
for srni=1:length(new_srn)
% Case IDentification
caselD = srni;
Dsrn(srni) = new_srn(srni)/srn; % Delta slendrness ratio of nose
% (design - new).
for i=1:12
It doesn’t move the last section. For this reason i goes from 1 to
13 (and not to 14). Besides, the ratio between new and old slen.
ratio nose is equal to that between the new and old length of nose.
Therefore the shift of section is equal to (1-newLength/oldLength)=
(1-new_srnose/old_srnose)=(1-Dsrn).
if new_srn(srni)> srn % Dsrn>1
Xsrn(:,i)= X(:,i)-(Dsrn(srni)-1)*(X(:,13)-X(:,1));
else % Dsrn<l
Xsrn(:,1)= X(:,1)+(1-Dsrn(srni))*(X(:,13)-X(:,1));
end

°® o° o° o°

o°

end
% Cabin and Tail are the same
Xsrn(:,13:43)=X(:,13:43);

% Exporting to a csv file
m=1;
for k = 1:length(sezioni) % length(sezioni)=43
Ssrn((m:m+size(X,1)-1),:) = [Xsrn(:,k), Y(:,k), Z(:,k)];
m=m+ size(Xsrn,1);
end
csvwrite([’10’,mat2str(caseID), ’.csv’],Ssrn)
end

Listing 2: Part of MATLAB code that modifies the fuselage nose.
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3.4.2 Modification of the cabin

As done for the nose, in this section is reported the part of the script
which modifies only the cabin along x axis (listing 3). The fineness
ratios investigated are reported in the first row of table 7.

%% CABIN
Design slenderness ratio: srd = 8.69

o°

o°

var_cabin = menu(’Do you want to do a parametric study on the cabin?’,...
"Yes”, 'No’);

if var_cabin == 1

srd = Lfus/Dfus; % Design slenderness ratio.

prompt = {’Enter cabin (passengers) slenderness ratios to study:’};
dlg_title = "Waiting for user input’;

num_lines = 1;

def = {7 8 8.69 9.50 11 12'}; % Default values

answer = inputdlg(prompt,dlg_title,num_lines,def);

stringa = cell2mat(answer);

sr = str2num(stringa); % New slenderness ratio.
% Pre-allocation

Xsr = zeros(length(X(:,1)),43);

for sri = 1l:length(sr)

caselD = sri; % Case IDentification.
Lf_new(sri) = Dfusxsr(sri); % New fuselage lenght.
delta(sri) = Lf_new(sri) - Lfus;

for j=15:43

Xsr(:,j) = X(:,j)+ delta(sri);
end

Xsr(:,1:14) = (X(:,1:14));
end

% Exporting to a csv file

m=1;
for k = 1:1length(sezioni) length([sezioni])=43
Ssr((m:m+size(Xsr,1)-1),:) = [Xsr(:,k), Y(:,k), Z(:,k)];
m=m+ size(Xsr,1); % size(X,1)= 35
end
csvwrite([’oo’,mat2str(caseID),’.csv’],Ssr)
end

Listing 3: Part of MATLAB code that modifies the fuselage cabin.

3.4.3 Modification of the tail

In this section is reported the part of the script which modifies only
the tail along x axis (listing 4). The fineness ratios investigated are
reported in the third row of table 7.

%% TAIL

% Design slenderness ratio of tail: srt = 2.83

var_tail = menu(’Do you want to do a parametric study on the tail?’,...
"Yes’, 'No’);

if var_tail ==
Lt = unique(X(:,43)-X(:,23)); % Design Ltail.
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dt = Dfus; % Design dtail.
srt = Lt/dt; % Design slenderness ratio of nose.

prompt = {’Enter tail slenderness ratios to study:’};

dlg_title = "Waiting for user input’;

num_lines = 1;

def = {’2.3, 2.4, 2.5, 2.6, 2.7, 2.83, 2.9, 3.0'}; % Default values
answer = inputdlg(prompt,dlg_title,num_lines,def);

stringa = cell2mat(answer);

new_srt = str2num(stringa); % New slenderness ratio of nose.

for srti=1:length(new_srt)

% Case IDentification

caselD = srti;
Dsrt(srti)= new_srt(srti)/srt; % Delta slendrness ratio of tail

% (design - new).
% Pre-allocation
Xsrt = zeros(length(X(:,1)),43);
Xsrt(:,1:23)=X(:,1:23);
for i=24:43
It doesn’t move the first section. For this reason i goes from 24
to 43 ( and not from 23).
if new_srt(srti)> srt % Dsrt>1
Xsrt(:,i) = X(:,i)+ (Dsrt(srti)-1)=*(X(:,1)-X(:,23));
else % Dsrt<l
(:

%
%

Xsrt(:,i) = X(:,1)- (1-Dsrt(srti))*(X(:,1)-X(:,23));
end
end
% Exporting to a csv file
m=1;
for k = 1:length(sezioni) % length(sezioni)=43

Ssrt((m:m+size(X,1)-1),:) = [Xsrt(:,k), Y(:,k), Z(:,k)];
m=m+ size(Xsrt,1);
end
csvwrite([’20’,mat2str(caseID), .csv’],Ssrt)
end

Listing 4: Part of MATLAB code that modifies the fuselage tail.

3.4.4 Modification of nose height

In order to investigate the effect of nose windshield angle, the nose
sections was translated along z axis for some FR,. The windshield
angle is considered as the slope of the upper surface on the fuselage
symmetry plane, as shown in figure 33. Two modifications for each
FR;, were performed: one upward and one downward. The follow-
ing part (listing 5) is excerpted from the ninth version of the code
which modifies the geometry of the nose both along x and z axis si-
multaneously. The angles and fineness ratios studied for windshield
modification are reported in the table 8 and table g respectively. The
values of reference geometry are highlighted in bold.
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FRn» 1.2 14 1.6 17

51.7 48.4 44.6 439
Y (deg) 477 433 397 380
454 405 37.0 358

Table 8: Windshield analysis parameter.

Figure 33: Definition of the windshield angle.

% 2) NOSE

% Design slenderness ratio of nose: srn = 1.61
%
var_nose = menu( Do you want to do a parametric study on the nose?’,..

"Yes”, 'No’);

if var_nose == 1
Ln = unique(X(:,13)-X(:,1)); % Design Lnose.
dn = Dfus; Design dnose.

%

srn = Ln/dn; % Design slenderness ratio of nose.
prompt = {’Enter nose slenderness ratios to study (must be 4 input):’};
dlg_title = 'Waiting for user input’;
num_lines = 1;
def = {"1.2, 1.4, 1.6, 1.7}; % Default values
answer = inputdlg(prompt,dlg_title,num_lines,def);
stringa = cell2mat(answer);
new_srn = str2num(stringa); % New slenderness ratio of nose.
% Pre-allocation
Xsrn = zeros(length(X(:,1)),43);
for srni=1:length(new_srn)

% Case IDentification

caselD = srni;

Dsrn(srni) = new_srn(srni)/srn; % Delta slendrness ratio of nose

% (design - new).

for i=1:12
It doesn’t move the last section. For this reason i goes from 1 to
13 (and not to 14). Besides, the ratio between new and old slen.
ratio nose is equal to that between the new and old length of nose.
Therefore the shift of section is equal to (1l-newLength/oldLength)=
s (1-new_srnose/old_srnose)=(1-Dsrn).
if new_srn(srni)> srn % Dsrn>1
Xsrn(:,i)= X(:,1i)-(Dsrn(srni)-1)*(X(:,13)-X(:,1));
else % Dsrn<l
Xsrn(:,i)= X(:,i)+(1-Dsrn(srni))*(X(:,13)-X(:,1));
end

o o o° o°

°
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end
% Cabin and Tail are the same
Xsrn(:,13:43)=X(:,13:43);
B S
% m-mmmemmememeeeeeooo- Modification of Z nose -------------------

This part of code modifies the windshield angle with constant SR nose.
% Design slenderness ratio of nose: srn = 1.6 (constant).

% For each fineness ratio of the nose, there are 2 modifications along z axis:
% one upward and the other downward.

o°

%% Upward modification of the nose
caseIDznup = 2;

DZ = 0.3; % Up Displacement [m].
1s = 9; % Last section.

w = linspace(1,0,1s);

DZun = w.xDZ;

Zun = Z;

Zun(:,(ls+1):43) = Z(:,(1ls+1):43);

ii =1

for ii=1:1length(DZun)
Zun(:,jj)= Z(:,jj) + DZun(ii);
if max(Zun(:,jj)) > max(Z(:,1s))
Zun(:,33) = Z(:,33) + (max(Z(:,1s))- max(Z(:,jj)));

end
3i = 33+1;
end
% Exporting to a csv file
m=1;
for k = 1l:length(sezioni) % length([sezioni])=43

Sznu((m:m+size(X,1)-1),:) = [Xsrn(:,k), Y(:,k), Zun(:,k)]; % X(:,k)=(35,k)
m=m+ size(X,1); % size(X,1l)= 35

end

csvwrite([’30”,mat2str(caseID),mat2str(caseIDznup),’.csv’],Sznu)

%% "Train form" for the nose
caselDzn = 1;
for ii = 1:13
Dzz(ii)

= Z(1,ii)-(Z(1,13));
ZnewT(:,1ii)=

Z(:,ii)-Dzz(:,ii);

end
ZnewT(:,14:43)=Z(:,14:43);
% Exporting to a csv file
m=1;
for k = 1l:length(sezioni) % length([sezioni])=43

SznT((m:m+size(X,1)-1),:) = [Xsrn(:,k), Y(:,k), ZnewT(:,k)]; % X(:,k)=(35,k)
m=m+ size(X,1); % size(X,1l)= 35

end

csvwrite([’30”,mat2str(caseID),mat2str(caseIDzn), .csv’],SznT)

end

end

Listing 5: Part of MATLAB code that modifies the windshield angle.

3.4.5 Modification of upsweep angle

The tail sections have been translated along z axis for some FR; in

order to investigate the effect of the upsweep angle. Even in this case,

two modification for each FR; were performed: one upward and one
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downward. The upsweep angle is evaluated at the tail station which
crosses the longitudinal nose axis, as shown in figure 34.

Xx/Lf = 0.823

Figure 34: Definition of the upsweep angle.

It has been assumed this reference because the gear height is un-
known and the tail low surface is not straight. The listing 6 is ex-
cerpted from the ninth version of the code which modifies the geom-
etry of the tail both along x and z axis simultaneously. The angles
and fineness ratios studied are reported in the table 9. The baseline
values are highlighted in bold.

FR¢ 25 283 3.0

12.2  15.3 18.2
0 (deg) 108 13.6 16.2

10.2 12.9 15.3

Table 9: Upsweep analysis parameter.

% 3)TAIL

% Design slenderness ratio of tail: srt = 2.83

var_tail = menu(’Do you want to do a parametric study on the tail?’,..
"Yes”, 'No’);

if var_tail ==

Lt = unique(X(:,43)-X(:,23)); % Design Ltail.
dt = Dfus; % Design dtail.
srt = Lt/dt; % Design slenderness ratio of tail.

prompt = {’Enter tail slenderness ratios to study:’};
dlg_title = '"Waiting for user input’;
num_lines = 1;
def = {’2.5, 2.83, 3.0'}; % Default values
answer = inputdlg(prompt,dlg_title,num_lines,def);
stringa = cell2mat(answer);
new_srt = str2num(stringa); % New slenderness ratio of nose.
for srti=1:length(new_srt)
% Case IDentification
caselD = srti;
Dsrt(srti)= new_srt(srti)/srt; % Delta slendrness ratio of tail
% (design - new).
% Pre-allocation
Xsrt = zeros(length(X(:,1)),43);
Xsrt(:,1:23)=X(:,1:23);
for i=24:43
% It doesn’t move the first section. For this reason i goes from 24
% to 43 ( and not from 23).
if new_srt(srti)> srt % Dsrt>1
Xsrt(:,i) = X(:,i)+ (Dsrt(srti)-1)*(X(:,1)-X(:,23));
else % Dsrt<l
Xsrt(:,i) = X(:,1)- (1-Dsrt(srti))*(X(:,1i)-X(:,23));
end
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%6%%°%6%%°%6% %% %% %% Modifications along Z-axis for tail %%%%%%%%%%%%%%%% %%

% For each fineness ratio of the tail, there are 2 modifications along :
% one upward and the other downward.

%
% Design Upsweep angle
7232 = min(Z(:,32)); Z33 = min(Z(:,33));
aud = rad2deg(atan((z33-232)/(X(1,33)-X(1,32))));

%% Upward modification
caseIDup = 2; % Caseld in increasing order
Zup = Z;
for i=16:43
DZup(:,1i)= max(Z(:,15))-max(Z(:,1));
Zup(:,i) = Z(:,i)+ DZup(:,1);
end
Zup32= min(Zup(:,32)); Zup33 = min(Zup(:,33));
aup = rad2deg(atan((Zup33-Zup32)/(Xsrt(1,33)-Xsrt(1,32))))

% Exporting to a csv file
m=1;
for k = 1:1length(sezioni) % length(sezioni)=43

Sup((m:m+size(X,1)-1),:) = [Xsrt(:,k), Y(:,k), Zup(:,k)];
m=m+ size(X,1);
end
csvwrite([ 40’ ,mat2str(caseID),mat2str(caseIDup), .csv’],Sup)
%% Downward modification.
caseIDupd = 1;
fs =22; % first section
DZupdend = .5;
w = linspace(0,1,43-fs);
DZupd = w.x*DZupdend;
Zupd = Z;
Zupd(:,1:22) = Z(:,1:22);
ji = 23;
for ii=1:1length(DZupd)
Zupd(:,jj)= Z(:,3j) - DZupd(ii);
ii =3+,
end
Zupd32= min(Zupd(:,32)); Zupd33 = min(Zupd(:,33));
aupd = rad2deg(atan((Zupd33-Zupd32)/(Xsrt(1,33)-Xsrt(1,32))))

% Exporting to a csv file
m=1;
for k = 1:1length(sezioni) % length(sezioni)=43

Supd((m:m+size(X,1)-1),:) = [Xsrt(:,k), Y(:,k), Zupd(:,k)];
m=m+ size(X,1);
end
csvwrite(['40”,mat2str(caselID),mat2str(caseIDupd),”’.csv’],Supd)
end
end

Listing 6: Part of MATLAB code that modifies the upsweep angle.
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In this chapter the results of the numerical simulations are reported.
For each geometry modification the drag coefficient (Cp), the mo-
ment coefficient (Cp1) and the moment curve slope (Cpm ) are shown.

Moreover, to better understand how the aerodynamic coefficients
change, the pressure distribution for each geometry analysed is re-
ported and compared with that of the reference fuselage. The lift
coefficient hasn’t been reported because it is very close to zero, since
the fuselage is not a lifting body. In all charts and tables below, each
aerodynamic coefficient is expressed as a ratio between the computed
value, which comes from the numerical simulations, and the value of
reference fuselage which cannot be specified for industrial reasons. In
the case of pressure and friction drag contributions that are reported
in the same plot, both are compared with the global reference drag
coefficient (that’s to say the C D of is the Cp of the reference fuselage).
As regard the moment coefficient and its derivative, the reference cen-
ter (which corresponds to the center of gravity) is located always with
respect the hypothesized wing location: xcg/L¢ equal to 0.465 and z
equal to o (see figure 35). In case of the moment coefficient at « equal
to 0° and equal 2° are drawn in the same plot, both are compared
with the global reference moment coefficient at « equal to 0°. Finally
the flight conditions for all simulations are the following.

e M=o0.52

e Rer, = 2.02x108

4.1 VARIATION OF THE NOSE LENGTH

The parameters involved in the investigation about the nose geometry
are reported in table 10. The nose length, L,, and the wet surface,
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Xce / Lf = 0.465

=

4

Figure 35: Reference center for the calculation of moment coefficient.

Swet, are reported as a percentage change compared to the reference
values which are highlighted in bold. Nose geometries are shown in
the figure 36. When the nose geometry is varied the windshield angle
is changed too, as represented in figure 37.

ID FR,, Windshield wey ASwet

101 1.1 49.9 -5%
102 1.2 47.7 -4%
103 1.3 45.0 -3%
104 1.4 43.3 -2%
105 1.5 41.0 -1%
000 1.6 39.7 -

107 1.7 38.0 +1%

Table 10: Parameters of the nose investigation.

The following charts present the results of the numerical analyses
as function of the geometry variation. In these charts, the bigger
marker represents the reference value. Figure 38 shows that, by al-
tering the nose geometry and holding the same cabin and tail, the
pressure distribution is affected only around the nose, as expected.
Thus, the variation of the drag coefficient with nose slenderness is
only function of the geometry variation and there is no interference
effect with the other parts of the fuselage. As the nose is length-
ened, the friction contribution to drag increases (due to the bigger
wet surface), whereas the pressure contribution decreases (due to the
increased slenderness), see figure 39. The sum of the two contribu-
tions gives a minimum for FR,, equal to 1.3, although the difference
is small with respect to the reference configuration (figure 40).

The effect of nose slenderness on pitching moment coefficient is
shown in figure 41. To evaluate the Cp, all the configurations have
been simulated at two angles of attack, 0° and 2°, then the derivative
has been estimated as the ratio

49



4.1 VARIATION OF THE NOSE LENGTH \
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ID 000 DESIGN

1D 107
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Figure 36: Comparison of different nose.
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Cm. =M
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The moment coefficient at 0° and 2° are drawn in figure 42. There is
a linear variation of Cp, with nose length and the longer is the nose,
the bigger is the pitching instability. Figure 43 illustrates the different
pressure distributions for two nose configuration: the shorter nose
has a shape that increase the flow expansion, giving an increase in
pressure drag. Given the results of the analyses for the cruise con-
dition, a nose shorter than the reference configuration, around the

slender ratio FR,, equal to 1.2, is advantageous in terms of drag.

(4.1)
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Figure 37: Variation of windshield angle due to the variation of nose length.

Pressure coefficient distribution on the upper surface
A
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of N
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Pressure coefficient distribution on the lower surface
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—Case =101
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0.5F Case = 104
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1F —Case =107
——Case = 000
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Figure 38: Pressure distribution on the fuselage symmetry plane, due to
nose variation,x = o.
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Figure 39: Friction and pressure contributions to drag coefficient due to
nose variation, & = 0°.
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Figure 40: Drag coefficient due to nose variation (sum of pressure and fric-
tion contributions), & = 0°.
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Figure 41: Fuselage pitching instability due to nose variation.
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Figure 42: Moment coefficient as function of the nose geometry variation,
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f Pressure Coefficient
Y -0.60000 -0.28000 0.040000 0.36000 0.68000 1.0000
(a) FRn = 1.1

f Pressure Coefficient
Y X -0.60000 -0.28000 0.040000 0.36000 0.68000 1.0000

(b) FRy = 1.7

Figure 43: Comparison of the pressure distribution for two nose configura-
tions, o = 0°.
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4.2 VARIATION OF THE CABIN LENGTH

The parameters involved in the investigation about the cabin are re-
ported in table 11. The reference values are in bold. In this case, the
whole slenderness ratio has been considered. Some configurations
are shown in figure 44.

ID FR ASyet

001 7.00 -23%
002 8.00 -9%
000 8.69 -
003 9.50 +11%
004 11.0 +31%

005 12.0 +45%

Table 11: Parameters of the cabin investigation.

CONSTANT

CHANGE d A
CONSTANT | f

Lf

£
<

v

FR=Lf /df

Figure 44: Change of the fuselage slenderness by stretching the cabin.

The following charts present the results of the numerical analy-
ses as function of the geometry variation. In these charts, the bigger
marker represents the reference value. In figure 45 the pressure distri-
butions keep the same shape, since only the cabin length is changed,
whereas nose and tail are the same. A strong variation in skin friction
coefficient with respect to pressure drag is represented in figure 46.
This is due to the increase in wet area, whereas the pressure distribu-
tion do not change since the cabin is essentially a cylinder. The total
drag coefficient is hence a linear function of the slenderness ratio as
reported in figure 47, where the two black vertical lines represent
length variations by +2 m from the reference geometry. The longitu-
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Pressure coefficient distribution on the upper surface
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Figure 45: Pressure distribution on the fuselage symmetry plane, due to
cabin variation, & = 0°.

dinal instability is shown in figure 48. The moment reference center
changes its absolute position to keep the same relative position (at
x/L¢ equal to 0.465 and z equal to 0). As expected, a longer cabin is
less stable in pitch.
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Figure 46: Friction and pressure contributions to drag coefficient due to
cabin variation, & = 0°.
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Figure 47: Drag coefficient due to cabin variation (sum of pressure and fric-
tion contributions), « = 0°.
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Figure 48: Fuselage pitching instability due to cabin variation.
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Figure 49: Moment coefficient as function of the cabin geometry, « = 0° e
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4.3 VARIATION OF THE TAIL LENGTH

The parameters involved in the investigation about the tail are re-
ported in table 12. The values of reference configuration are in bold.
Configurations are shown in figure 50. When the tail geometry is
varied the upsweep angle is changed too, as represented in figure 51.

ID AL; Upsweep ey ASwet

208 2.3 16.6 -5%
207 2.4 15.9 -4%
201 2.5 15.3 -3%
202 2.6 14.8 -2%
203 2.7 14.2 -1%
000 2.83 13.6 -
205 2.9 13.3 0%
206 3.0 12.9 +1%

Table 12: Parameters of the tail investigation.

The following charts present the results of the numerical analyses
as function of the geometry variation. In these charts, the bigger
marker represents the reference value. Having changed only the tail
slenderness, the pressure distribution on the fuselage is the same ev-
erywhere for the configurations investigated, except for the tail, as
shown in figure 52. As expected, as the tail is lengthened, the skin
friction increases, whereas the pressure drag decreases, as reported
in figure 53. In this case, the pressure and friction variations cancel
each other, yielding to a constant drag coefficient with tail slender-
ness ratio, figure 54.

The effect of fuselage longitudinal instability with tail slenderness
ratio is reported in figure 55. The variation of Cp, is, with good
approximation, a linear function of the tail length. In figure 56 is
reported the moment coefficient as function of the tail geometry vari-
ation for both « analysed. Figure 57 shows the different pressure
distribution for two tail configurations. As in the case of the nose, a
tail shorter than the reference configuration may be advantageous for
the cruise conditions.
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Figure 50: Comparison of different tail.
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Figure 51: Variation in fuselage tail length and upsweep angle.
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Figure 52: Pressure distribution on the fuselage symmetry plane, due to tail
variation, o = 0°.
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Figure 53: Friction and pressure contributions to drag coefficient due to tail
variation, o = 0°.

].08 T T T I I

1.06
1.04 |- :

1.02 | |
Cp

ref

0.98 2

0.96 2

0.94

. 2 | | | |
0.9 2 2.2 24 2.6 2.8 3 3.2

FR¢

Figure 54: Drag coefficient due to tail variation (sum of pressure and fric-
tion contributions), « = 0°.
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Figure 55: Effect of the upsweep angle on fuselage longitudinal stability.
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IZ Pressure Coefficient
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Figure 57: Comparison of the pressure distribution for two nose configura-
tions, &« = 0°.

4.4 VARIATION OF THE NOSE HEIGHT

The effect of nose height has been investigated with three layout on
four slenderness ratio (FR,, = 1.2, 1.4, 1.6, 1.7, see also table 8), for a to-
tal of 12 combinations (including the reference fuselage). A schematic
layout is shown in figure 58, where the black line is the standard lay-
out (the same nose height and windshield angle as reference geome-
try). As the nose is lowered the windshield angle (considered as the
slope of the upper surface on the fuselage symmetry plane) increases.

Ln

Figure 58: Variation of the windshield angle.

Results are shown in figure 59. In the next charts, the bigger marker
represents the reference value. It is clear that, given the smooth refer-
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Figure 59: Effect of the nose height (and hence windshield angle) on drag
coefficient, o« = 0°.

ence geometry from which new shapes have been generated, as the
slope of the upper surface of the fuselage (and hence the windshield
angle) is increased the drag coefficient increases, because of stronger
pressure gradients. The longitudinal stability is slightly reduced with
the windshield angle, but this effect is negligible, especially if com-
pared with the effect of slenderness ratio (figure 60). The reference
layout (central point of each curve) offers good pilot visibility with
low drag coefficient (with respect to the configurations analysed).
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Figure 60: Effect of the nose height (and hence windshield angle) on fuse-
lage longitudinal stability.
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Figure 61: Effect of the nose height (and hence windshield angle) on the
moment coefficient, « = 0°
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4.5 VARIATION OF THE UPSWEEP ANGLE

For three tail configurations (L = 2.50, 2.83, 3.00, see also table g) the
upsweep angle, defined in Figure 34, has been varied as depicted in
figure 62. The effect of this parameter is to change the pressure drag
(and hence the drag coefficient), as shown in figure 63. The reference
value is represented by the bigger marker.

Df

Figure 62: Variation of the upsweep angle.
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Figure 63: Effect of the upsweep angle on fuselage longitudinal stability.

For a given upsweep angle (a vertical line in figure 63), the longer is
the tail, the bigger is the drag coefficient. This is due to the increased
wet area. Conversely, for a given drag coefficient (a horizontal line in
tigure 63), the shorter is the tail, the bigger is the upsweep angle. In
this case, what is saved in skin friction (wet area) is lost in pressure
drag. The increase in upsweep angle leads to a slightly reduced lon-
gitudinal instability, see figure 64. For a given upsweep angle, this
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instability increases with tail slenderness. However, the variation in
Cm,, from the reference value (the bigger marker) are very small.
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Figure 64: Effect of the upsweep angle on drag coefficient, o = 0°.
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Figure 65: Effect of the upsweep angle on moment coefficient, « = 0°.
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In this chapter it is proposed a methodology to obtain the value
of drag and pitching moment coefficient as a function of fuselage
geometry and it is suitable for smooth shapes. This approach does
not allow to evaluate some sources of drag as leakage, wiper, surface
roughness and excrescences.

51 METHODOLOGY FOR DRAG PREDICTION

The methodology allows to compute the fuselage drag coefficient as
the sum of the contributions of each component (nose, cabin, and
tailcone), calculated as follows.

SfrontCDi = KiCDfPSweti (51)

In the previous equation i states the geometry part (nose, cabin or
tailcone), Sgont is the frontal surface (equal to the maximum area of
cabin section), Syeti is the wet surface of the i-th part, the Cp o 18 the
drag coefficient of equivalent flat plate and the K; is the shape factor
which is the core of the method here presented. It wasn’t chosen the
Swing as the reference surface because the wing could be unknown
when the fuselage is designed. The equation 5.1 is quite similar to
equation 2.4 proposed by Torenbeek [23] but there is a fundamental
conceptual difference: the shape factor just introduced, Kj, takes into
account the variation of the pressure drag due to the modifications
of the fuselage geometry shape, while the form factor of Torenbeek,
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¢, it’s a number that links the equivalent parasite area of a body of
revolution to a flat plate with the same wetted area. The hypothesis
of the super-positioning of the effects is verified by the CFD results
since the geometry modifications of one part of the fuselage affect
only the drag coefficient of that part (see chapter 4). For this reason
the formula 5.1 can be expressed in more precise way as follows.

SWEtnose Swetcabin Swet tail
SﬁrontCDfus = (Kn X K + K¢ % K + K¢ % m CDfpSwet
(5.2)

In the table 13, there are the definitions of the main parameter
present in the equation 5.2.

Definition

Cog, s the drag coefficient of the fuselage referred to Sgont.

Ky is the nose shape factor. It depends on windshield an-
gle, P, and on the FR,,.

Ke is the cabin shape factor. It depends on the FR.

K¢ is the tailcone shape factor. It depends on upsweep an-
gle, 0, and on the FR;.

Co,, is the drag coefficient of equivalent flat plate and it co-

incides with the skin friction coefficient, C¢, which can
be computed from equation 2.6, reported here for con-
venience.

Cr 0.455
P 7 (logRe)258 - (1+0.144 - M2)0-58

Therefore it’'s known once that M and Re (referred to
fuselage length) are fixed.

Table 13: Main parameter of the proposed method.

All the coefficients useful to estimate the shape factors are referred
to Sgront and the Cp,, is evaluated using the Reynolds number based
on the fuselage length.

5.1.1  The shape factor of the nose

The nose shape factor, K;,, represents the contribution of the nose to
the global drag coefficient and it takes into account the effect of the
nose fineness ratio and of the angle of pilot visibility. It is estimated
from the CFD value of the coefficient Cp, (see appendix C, table 22),
which is referred to Sgont and the Cp ., referred to Swety-

Kn . CDn Sfron’r

a CD fp SW@tnose (53)
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In figure 66 the curves of K,, are drawn as a function of FR,, and
parametrized in 1 (windshield angle). These curves must be used to
calculate the value of the shape factor in order to apply the method.
Moreover, from the figure, it's possible to see that the nose shape
factor decreases with the fineness ratio for a fixed windshield angle
while, for a fixed fineness ratio, the shape factor grows with the wind-
shield angle because there’s a stronger pressure gradient and there-
fore a higher pressure drag. To show in a clearer way what has been
just stated, in the figure 67 the curves of K,, are drawn as a function
of \ (upsweep angle) and parametrized in FR,.

5.1.2 The shape factor of the cabin

The nose shape factor, K., represents the contribution of the cabin to
the global drag coefficient and it takes into account the effect of the
cabin stretching. It is estimated from the CFD value of the coefficient
Cp,. (see appendix C, table 23), which is referred to Sgone and the
Cboyps referred to Syet

cabin

Kc . CDcsﬁront

a C D fp SWEtcabin (5.4)

In the figure 68 the curve of K. is drawn as a function of FR. It
is noted a decreasing linear trend. As for the nose shape factor, this
curve must be used to extract the value of the shape factor in order
to apply the method.

5.1.3 The shape factor of the tail

The tail shape factor, K¢, represents the contribution of the tail to the
global drag coefficient and it takes into account the effect of the up-
sweep angle used as the parameter to consider the rotation angle re-
quired to take-off. As usual, it is estimated from the CFD value of the
coefficient Cp, (see appendix C, table 24), which is referred to Sgont
and the Cp fo? referred to Syet,,- In the same chart, the curve of Oy, is
traced. This curve is the locus of the maximum value of the upsweep
angle for fixed fineness ratio, where the meaning of "maximum" is
explained with the scheme in figure 70. In fact, aeronautically speak-
ing, it makes no sense to go beyond the maximum value of upsweep
angle for a fixed FR¢ because it would not be more of a fuselage.

Kt . CDt Sfront

a CDfp Swettail (5.5)

In the figure 69 the curves of K; are drawn as a function of FR¢
and parametrized in 6 (upsweep angle). As for the other shape factor,
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Figure 66: Nose shape factor as a function of FRy,, & = 0°.

these curve must be used to extract the value of the shape factor
in order to apply the method. The tailcone factor grows with the
fineness ratio for a fixed upsweep angle, 0, due to the bigger St and
it grows with the upsweep angle for a fixed fineness ratio because
there’s a stronger pressure gradient. To show in a clearer way what
has been just stated, in the figure 71 the curves of K are drawn as a
function of 6 (upsweep angle) and parametrized in FRy.
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Figure 67: Nose shape factor as a function of windshield angle ¥, o« = 0°.

5.1.4 Example of application

From previous sections, to calculate the global drag coefficient, it
must be used the equation 5.2, where K, K. and K; are the shape
factors of different geometry part values of which are extracted from
figure 66, 68 and 69 respectively.

Swetnose SWEtca in S wet
SfrontCDfus = <KTL X K + K¢ X Te: + K¢ X Tettl CDfpSwet
(5.6)

Until now the Cp has been calculated for each configuration of the
fuselage which is different from that of reference only for one geom-
etry part. In order to validate the method, some fuselages, which
characteristics are reported in table 14, have been simulated.

In order to clarify the different steps of the methodology, the latter
is applied to the "103201" fuselage. First of all, the shape factors must
be evaluated. These can be obtained from the graphs since the FR, {
and 0 are known. In particular, for the fuselage under consideration,
these parameters are the following.

e FRy =13
e FR = 8.69
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Figure 68: Cabin shape factor as a function of FR, « = 0°.

e FRy =25
° P =450°
e 0=153°

The value of the nose shape factor is extracted from the chart enter-
ing with the value of FRy,, as it’s possible to see from figure 72.

Kn =1.98

Similarly the cabin shape factor is extracted from the relative chart
entering with the value of FR (figure 73) and that of the tailcone from
the graph in figure 74 entering with the value of FRy.
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Figure 69: Tail shape factor as a function of FR¢, o« = 0°.
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Figure 70: Scheme of the geometric relationship between maximum value
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Figure 71: Tail shape factor as a function of upsweep angle 6, « = 0°.

K. = 1.06

K¢ =0.83

In order to apply the formula 5.2, the value of Cp . must be com-

puted using the equation 2.6 and, to do it, the Reynolds and the Mach
numbers have to be specified. For a flat plate that has the same length
of the fuselage in question, the aforementioned values are the follow-
ing:

e Rer, = 187x10°,
e M =o0.52

Therefore the value of the drag coefficient of equivalent flat plate is
the following.

Ch — 0.455 B
Dp = (log Re)258 . (1 4-0.144 - M2)0:58 —

= 0.001952
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ID Description

103201 is the fuselage with FR, equal to 1.3, FRy equal to 2.5
and the same cabin of the reference configuration (FR
equal to 8.69)

101004206 is the fuselage with FR,, equal to 1.1, FR equal to 11 and
FR¢ equal to 3.0

107002208 is the fuselage with FR,, equal to 1.7, FR equal to 8 and
FR¢ equal to 2.3

Table 14: Notations about the fuselage configurations used to validate the
methodology.

Finally, the value of wet surfaces, that can be estimated with equa-

tion 2.8, necessary to apply the methodology, are reported below (ta-
ble 15).

Swetm,sc / Swe‘c Swetcabin / Swe’t swettaﬂ / Swet Swet/ Sfront

103201 0.1601 0.6055 0.2343 27.7050

Table 15: The necessary values to apply the methodology for the "103201"
fuselage.

From these values and by the equation 5.2, it’s possible to estimate,
in "modular" way, the drag coefficient of the fuselage.

S S . S . S
CDfus:<KnXgetnose+chwetcabm+Ktxwatﬂﬂ>CD wet

f
wet wet Swet P Sfront

= (1.98-0.1601 4 1.06 - 0.6055 + 0.83 - 0.2343) - 0.001592 - 27.7050
= 0.061844

This value is very close to that obtained from the CFD simulation
which is equal to 0.062742. The difference between the results is less
than 2%.

The methodology has been applied even for the other two fuselage
configurations described in the table 14. The useful parameters are in
the table 16.

In the table 17 the results of methodology are reported and com-
pared with that obtained by CFD simulations. The maximum differ-
ence between the results is less than 2%.



51 METHODOLOGY FOR DRAG PREDICTION \

24

g ——1 =38° g

231 ——1 =39 |

g +11):40° g

g —o—1 = 41° | |

221 E

g \ +1_])=42° g

I ——1 =43° | |

21; ——1 =44° | |

g +1j):45° g

Kn 21 —5-1 = 46° g
[~ N (o) .

; =47 | |

19} ~b=g8 ||
——1 =49°| |

1.8 i
‘].6;\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\\‘\\\\\\\\\\‘\\\\\\\\\\‘\\\\\\\\\\‘\\\\\\\\\\‘\\\\\\\\\;

1.1 1.2 13 14 15 16 1.7 18 19 2

FRn
Figure 72: The value of the nose shape factor for the "103201" fuselage,
x = 0°.
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Figure 74: The value of the tailcone shape factor for the "103201" fuselage,
o =0°.

101004206 107002208

Kn 2.33 1.65

Ke 1.03 1.12

K¢ 0.82 0.90

CDfp 0.001897 0.001945

Swetpgee / Swet 0.1019 0.2207

Swetepin / Swet 0.6919 0.5462

Swetyy / Swet 0.2062 0.2331

Swet/sﬁront 375923 256906

Table 16: The necessary values to apply the method for drag coefficient.

103201 101004206 107002208

Method 0.061844 0.079567  0.059249
CFD 0.062388  0.079182 0.060037
Difference  0.57% -0.49% 1.31%

Table 17: Comparison between the simulation results and that obtained us-
ing the proposed methodology for the drag coefficient.
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52 METHODOLOGY FOR THE PITCHING MOMENT
PREDICTION

The proposed methodology allows to compute the pitching moment
coefficient at o equal to 0° (x is the angle between the waterline of
the fuselage which corresponds to x axis and the flow direction, see
figure 75) for a "modular” fuselage as function of the geometry pa-
rameters. In the figure 75 also the position of reference center (which
corresponds to the center of gravity) is shown. Unlike the drag coef-
ficient, in this case the hypothesis of super-positioning of the effects
is not verified and therefore the strategy to evaluate the moment co-
efficient is quite different from previous one. In fact the moment
coefficient (referred to Sgon: and Ly) is estimated as the sum of three
contributions (equation 5.7).

CMcx:o = CMFR + ACMnose + ACMtail (57)

where Cp,,, is the moment coefficient for a given fineness ratio FR,
ACMpose 18 the correction term due to the nose geometry and ACm_,
is the correction term due to the tailcone geometry. The Cpy,, can
be expressed as a linear function of fineness ratio (equation 5.8 and
tigure 76).

Ca,y = 0.0021 - FR—0.0511 (5.8)

The ACnpose is the difference between the moment coefficient of
the fuselage with the nose slenderness ratio FR,, and the moment
coefficient of the reference fuselage (which has FR,, equal to 1.6). It is
drawn in the figure 77 as a function of windshield angle.

The AC M,y 1S the difference between the moment coefficient of
the fuselage with the tailcone slenderness ratio FRy and the moment
coefficient of the reference fuselage (which has FR; equal to 2.83). It
is drawn in the figure 78 as a function of upsweep angle.

Xce / Lf =0.465

e

o L— —

//VW

=

%

Figure 75: Definition of the position of reference center and of the angle of
attack o .
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Figure 76: Moment coefficient (referred to Sg.on: and Ly) as a function of
fineness ratio FR, « = o0°.
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Figure 77: The nose correction term for the moment coefficient as a function
of windshield angle 1, o« = 0°.
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5.2.1  Example of application

The method is here applied to the same geometries previously de-
fined in table 14. For convenience the main geometrical parameters
of "103201" fuselage are reported below.

e FR, =13
e FR =8.69
e FRy =25
* |} =450°
e 0 =153°

First of all, the moment coefficient must be evaluated. These can
be obtained from the equation 5.7 or graphically (figure 79).

Cmpe = 0.0027 - FR —0.0511 = —0.033028

The value of ACn, e is xtracted from the chart entering with the
value of FR,, and of the windshield angle, as it’s possible to see from
tigure 8o.

ACMpoge = 0.001791
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Figure 79: Moment coefficient as a function of fineness ratio FR, o = 0°.
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Figure 80: The nose correction term for the moment coefficient as a function
of windshield angle 1, o« = 0°.
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Figure 81: The tail correction term for the moment coefficient as a function
of upsweep angle 6, o« = 0°.

Similarly the value of ACp,, is extracted from the chart entering
with the value of FR¢ and of the upsweep angle, as it’s possible to see
from figure 81.

ACpm,,, = 0.001645

From these values and by the equation 5.7, it’s possible to estimate,
in "modular" way, the moment coefficient of the fuselage.

CM = Cipg + ACMpose + ACM,; = —0.033028 +0.001791 +0.001645 =

= —0.029591

This value is very close to that obtained from the numerical simu-
lation which is equal to -0.029571. The difference between the results
is about 0.1%.

The methodology has been applied even for the other two fuselage
configurations described in the table 14. The useful parameters are in
the table 18.

In the table 17 the results of methodology are reported and com-
pared with that obtained by CFD simulations. The maximum dif-
ference among the results is about 1%. This approach is valid for a
fuselage not too different from the models analysed. The effects of
Mach and Reynolds number are supposed to be small.
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101004206 107002208

CMr -028152 -034438
ACMpose 0.003370  -0.000534
ACm,, -0.000315 0.002082

Table 18: The necessary values to apply the method for the moment coeffi-
cient.

103201 101004206 107002208

Method -0.020591 -0.025096  -0.032890
CFD -0.029571  -0.025402  -0.032737
Difference  -0.10% 1.2% -0.5%

Table 19: Comparison between the simulation results and that obtained us-
ing the proposed methodology for moment coefficient.

5.3 METHODOLOGY FORTHE PREDICTION OF THE
PITCHING MOMENT DERIVATIVE

In order to compute the curve slope of the pitching moment coef-
ficient Cp1,, the same methodology for the prediction of moment
coefficient is applied.

CMo = CMogy TACManose T ACM oy, (5.9)

where Cpy,,,, is the value of the curve slope of moment coefficient

for a given fineness ratio FR, ACnapose 1S the correction term due

to the nose geometry and ACm, , is the correction term due to the

tailcone geometry. The Cpq, , can be expressed as a linear function
of fineness ratio (equation 5.10 and figure 82).

CM,,, = 0.0035-FR—0.0106 (5.10)

oF

The ACMapese 1S the difference between Cpy, of the fuselage with
the nose slenderness ratio FR,, and Cpq, of the reference fuselage
(which has FRy, equal to 1.6). It is drawn in the figure 83 as a function
of windshield angle.

The ACMa,y 18 the difference between CMagyy of the fuselage with
the tailcone slenderness ratio FRy and C Mo of the reference fuse-
lage (which has FR¢ equal to 2.83). It is drawn in the figure 84 as a
function of upsweep angle.

84
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Figure 82: The curve slope of moment coefficient (referred to Sgont) as a
function of fineness ratio FR.
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Figure 83: The nose correction term for the curve slope of the moment coef-
ficient as a function of windshield angle 1.
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5.3.1  Example of application

The method is here applied to the same geometries previously de-
fined in table 14. Below it has been reported the example of "103201"
fuselage. The Cp, , can be evaluated from equation 5.10 and fig-
ure 85.

CMyp, = 0.0035- FR—0.0106 = 0.020232

oF

1072

2.5

1.5

CM‘XFR
L, L L L L L S L AL L B L LA
N A

6 7 8 9 10 11 12 13
FR

Figure 85: The curve slope of moment coefficient (referred to Sgont ) as a
function of fineness ratio FR.

The value of AChapese 1S €xtracted from the chart entering with
the value of FR,, and of the windshield angle, as it’s possible to see
from figure 86.

ACMapose = —0.001616

The value of ACM(,‘,(ail is extracted from the chart entering with the
value of FR; and of the upsweep angle, as it’s possible to see from
figure 81.

ACM,,; = —0.000815

From these values and by the equation 5.9, it’s possible to estimate,
in "modular" way, the moment coefficient of the fuselage.

CMO( = CM"‘FR + ACMCXnose + ACM“tail = 0.017801
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Figure 86: The nose correction term for the moment curve slope coefficient
as a function of windshield angle .
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This value is very close to that obtained from the numerical simu-
lation which is equal to 0.018869. The difference between the results
is about 5%.

As before, the methodology has been applied even for the other
two fuselage configurations described in the table 14. The useful
parameters are in the table 2o0.

101004206 107002208

CM‘XFR 0.028089 0.017650
ACManose  -0-002237 0.000336

ACMe,y -0.000125  -0.000759

Table 20: The necessary values to apply the method for the curve slope
moment coefficient

In the table 21 the results of methodology are reported and com-
pared with that obtained by CFD simulations. The maximum differ-
ence among the results is about of 5%. This approach is valid for a
fuselage not too different from the models analysed. The effects of
Mach and Reynolds number are supposed to be small.

103201 101004206 107002208

Method 0.017801  0.025726  0.017228
CFD 0.018869  0.026742 0.016530
Difference 5.7% 3.8% -4.2%

Table 21: Comparison between the simulation results and that obtained us-
ing the proposed methodology for curve slope moment coeffi-
cient.
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6 CONCLUSIONS

The goal of this work was to develop a new approach for the evalua-
tion of aerodynamic characteristics of the fuselage of a generic turbo-
prop transport aircraft. For this purpose the fuselage geometry has
been conceptually divided into three main components: nose, cabin
and tailcone. It has been investigated the relationship between aero-
dynamic coefficients and the main geometrical parameters.

Usually, in the preliminary design, the aerodynamic studies are
conducted with semi-empirical methods, such as USAF DATCOM.
To predict the drag coefficient, these methods consider the sum of dif-
ferent contributions due to skin friction, upsweep angle, windshield
(or canopy) and base drag. These contributions are estimated with re-
sults based on wind-tunnel tests. Unfortunately, the latter are based
on geometries very different from a turboprop.

In order to overcome this issue, the aerodynamic studies have been
performed with a numerical approach. The reference fuselage has
been drawn by a MATLAB script that allows to modify the fineness
ratio of each part of the fuselage (nose, cabin and tailcone), the wind-
shield and/or the upsweep angle. For all modifications, the fuselage
diameter is always constant. Therefore, to change the fineness ratio
of the fuselage components, these are simply stretched (or shortened).
This has been done by translating rigidly the sections along x axis. In-
stead, in the case of windshield and upsweep angle modifications, the
sections are translated along z axis in opportune way. Each param-
eter is changed keeping the other constant. For instance, a change
in fuselage slenderness ratio requires a stretch of the cabin, without
changing the shape of nose and tail. Conversely, a change in nose or
tail shape does not alter the geometry of the other components. The
viscous (to allow for drag prediction), compressible (to include a high
speed cruise at altitude) simulations have been carried out using the
commercial software Star-CCM+ on the SCoPE grid infrastructure of
the University of Naples Federico II

The results of the numerical approach are presumably more suit-
able for a preliminary design than those achieved with semi-empirical
methods because they are based on an actual fuselage shape.

From numerical results a new methodology has been developed to
predict the drag and pitching moment coefficient. As regard the drag,
the methodology allows to compute the coefficient as the sum of the
contributions of each component (nose, cabin, and tailcone) since the
hypothesis of the super-positioning of the effects has been verified.
The effect of the geometry of each part on the drag coefficient is eval-
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uated with a shape factor which is function of fineness ratio of the
part and of windshield angle for the nose or of the upsweep angle
for the tailcone. The results are significant because there is a small
difference between the results of numerical tests performed on differ-
ent geometries and those obtained with the proposed methodology
(about of 1%). As regard the moment, the methodology allows to
estimate the value of the coefficient at angle of attack equal to 0° and
the moment curve slope coefficient. In this case the hypothesis of the
super-positioning of the effects is not verified. The moment coeffi-
cient is estimated as the sum of three contributions, one of which is
the moment coefficient for a given fineness ratio and the others two
are corrective terms due to the nose and the tailcone geometry. As
just stated it’s valid both for the pitching moment coefficient and its
derivative. Also in this case the results are significant because there
is a difference between the results of numerical tests performed on
different geometries and those obtained with the methodology about
of 1% for the moment coefficient and less than 6% for the moment
curve slope coefficient.

Thus, it is the author’s opinion that this work gives a new, simple,
and reliable approach in the evaluation of the aerodynamic character-
istics (drag, pitching moment and static longitudinal stability) of the
fuselage of a generic regional turboprop transport airplane. Future
investigations may consider sideslip conditions and non-linearities in
both the longitudinal and directional stability curves.
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A FAR RELATED TO WINDSHIELDS

AND WINDOWS

The Federal Aviation Regulations, or FARs, are rules prescribed by
the Federal Aviation Administration (FAA) governing all aviation ac-
tivities in the United States.

A wide variety of activities are regulated, such as aircraft design
and maintenance, typical airline flights, pilot training activities, hot-
air ballooning, lighter-than-air aircraft, man-made structure heights,
obstruction lighting and marking, and even model rocket launches
and model aircraft operation.

The rules are designed to promote safe aviation, protecting pilots,
flight attendants, passengers and the general public from unnecessary
risk. Since 1958, these rules have typically been referred to as FARs
short for Federal Aviation Regulations.

The FARs are organized into sections, called parts due to their or-
ganization within the Code of Federal Regulations (CFR). Each part
deals with a specific type of activity.

The part relating to windshield is 25.775 and it is reported below.

FAR 25.775 Windshields and windows.

A. Internal panes must be made of nonsplintering material.

B. Windshield panes directly in front of the pilots in the normal
conduct of their duties, and the supporting structures for these
panes, must withstand, without penetration, the impact of a
four-pound bird when the velocity of the airplane (relative to
the bird along the airplane’s flight path) is equal to the value of
VC, at sea level, selected under § 25.335(a).

c. Unless it can be shown by analysis or tests that the probability
of occurrence of a critical windshield fragmentation condition
is of a low order, the airplane must have a means to minimize
the danger to the pilots from flying windshield fragments due
to bird impact. This must be shown for each transparent pane
in the cockpit that —

a) Appears in the front view of the airplane;

b) Is inclined 15 degrees or more to the longitudinal axis of
the airplane; and

c) Has any part of the pane located where its fragmentation
will constitute a hazard to the pilots.
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D. The design of windshields and windows in pressurized air-
planes must be based on factors peculiar to high altitude oper-
ation, including the effects of continuous and cyclic pressuriza-
tion loadings, the inherent characteristics of the material used,
and the effects of temperatures and temperature differentials.
The windshield and window panels must be capable of with-
standing the maximum cabin pressure differential loads com-
bined with critical aerodynamic pressure and temperature ef-
fects after any single failure in the installation or associated sys-
tems. It may be assumed that, after a single failure that is ob-
vious to the flight crew (established under §25.1523), the cabin
pressure differential is reduced from the maximum, in accor-
dance with appropriate operating limitations, to allow contin-
ued safe flight of the airplane with a cabin pressure altitude of
not more than 15,000 feet.

E. The windshield panels in front of the pilots must be arranged
so that, assuming the loss of vision through any one panel, one
or more panels remain available for use by a pilot seated at a
pilot station to permit continued safe flight and landing.



B STAR-CCM+ ON SCOPE USER
GUIDE

In this appendix it is described how to run the software Star-CCM+
on the Sistema Coperativo Per Elaborazioni Scientifiche Multidisci-
plinari (SCoPE) grid infrastructure:

1. writing the files necessary to the job;

2. transferring these files on SCoPE;

3. access to the Local File Catalogue (LFC);

4. running, monitoring and retrieving the job.

It is necessary to have an internet connection, a software to transfer
tiles by Secure File Transfer Protocol (SFTP) (e. g.WinSCP or Filezilla)
and a Secure Shell (SSH) client (e.g.Putty or simply a unix termi-
nal). The user guide is an excerpt of the manual written by Eng. Elia
Daniele of the DIAS (now DII).

B.1 FILES NECESSARY TO THE JOB

In order to use the Star-CCM+ library on SCoPE, four files are neces-
sary:

e an input file, filename.sim, the same that runs locally;

¢ aJava macro, macro_filename. java, containing the instructions
for Star-CCM+ and at least an autosave statement at the end of
the iterations;

¢ an executable unix file, filename. sh, containing the instructions
for SCoPE;

e ajob file, filename.jd1l, calling the input .sim, naming the out-
put, assigning the CPUs number, calling the executable . sh file
and, if any, some utilities.

B.1.1 Java macro example

// STAR-CCM+ macro: macro_102_a0.java
package macro;

import java.util.x;

94


http://winscp.net/
http://filezilla-project.org/
http://www.chiark.greenend.org.uk/~sgtatham/putty/

B.1 FILES NECESSARY TO THE JOB |

import star.common.x;
import star.base.neo.*;
import star.vis.x;
import star.base.report.x;
import star.flow.x*;
import star.meshing.x;
public class macro_102_a0 extends StarMacro {
public void execute() {
executeO();

private void execute@() {

Simulation simulation_0 =
getActiveSimulation();

MeshPipelineController meshPipelineController_0 =
simulation_0.get(MeshPipelineController.class);

meshPipelineController_0.generateVolumeMesh();
simulation_0.getSimulationIterator().run();

simulation_0.saveState(resolvePath("102_ao_out.sim"));

B.1.2 Executable file example

#!/bin/sh

#

# this parameter is the number of CPU’s to be reserved for
parallel

# execution

CPU_NEEDED=%$1

SIMFILE=$2

SIMFILEOUT=$3

MACROJAVA=$4

echo "Copy SIMFILE on Local File Catalogue for size in excess of
10dVB —> lcg—cp lfn:/grid/unina.it/dcilibertiDIR/Cusati/
$SIMFILE file :SPWD/$SIMFILE"

lcg-cp Ufn:/grid/unina.it/dcilibertiDIR/Cusati/$SIMFILE file:$PWD
/$SIMFILE

HOST_NODEFILE=$PBS_NODEFILE
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# copy files on the nodes different from the first one
NPROCTOCOPY=‘expr $CPU_NEEDED - 1°
FIRSTPROC=‘head -1 $HOST_NODEFILE’
j=0
for i in ‘tail -n $NPROCTOCOPY $HOST_NODEFILE | sort -u‘ ; do
# creates the working directories on all the nodes allocated for
# parallel execution
if [ "$i" = "$FIRSTPROC" 1
then
WORKING_DIR="pwd’
DIR_EXISTS[$jl=‘ssh $i "if [ —f $WORKING DIR/
starccm.sh ]; then echo SI; else echo NO;fi"‘
if [ ${DIR_EXISTS[$j]1} = 'NO' 1]
then
echo "Working directory on node $i doesn’
t exist ... Creating"
# copies the needed files on all the nodes allocated for #
parallel execution
/usr/bin/scp -rp $WORKING_DIR/$SIMFILE $i
: $WORKING_DIR
else
echo "Working directory exists on node $i
fi
fi
j='expr $j + 1'
done

# this is the demo molecule
export STARCCMEXE=/opt/exp_soft/unina.it/STAR-CCM+/STAR-CCM
+8.04.010/star/bin/starccm+

if [ -f /home/$LOGNAME/.flexlmrc ]
then

cp /home/$LOGNAME/ . flexlmrc $HOME
fi
echo "starting parallel starccm on nodes ..."
cat $HOST_NODEFILE

echo "Indication of date for calculation start..."
date
echo "Executing $STARCCMEXE —machinefile $HOSI NODEHLE —rsh ssh
—np $PU NEEDED —batch $MACROAVA $PWD/$SIMFILE"
$STARCCMEXE -machinefile $HOST_NODEFILE -rsh ssh -np $CPU_NEEDED
-batch $MACROJAVA $PWD/$SIMFILE

#echo "move the file to sim file OQut-->"
#cp $SIMFILE $SIMFILEOUT
#ls > 1s.log
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echo "Indication of date for calculation end..."
date

j=0

for i in ‘tail -n $NPROCTOCOPY $HOST_NODEFILE | sort -u‘ ; do

# remove created directory on all the nodes allocated for
parallel execution

if [ "$i" != "$FIRSTPROC" ]
then
if [ ${DIR_EXISTS[$j1} = 'NO" ]
then
echo "Deleting working directory on node
81"
/usr/bin/ssh $i rm -rf $WORKING_DIR
else
echo "Not needed to delete working
directory on node $i"
fi

fi
j='expr $j + 1'
done

# Instruction added on 20121108 to copy output on lfc for big
file (see https://www.opensciencegrid.org/bin/view/
Documentation/SrmBasics)

echo "Copy SIMFILEOUT on Local File Catalogue for size in excess
of 10dVB—> lcg—cr file :$PWD/$SIMHLEOUT l1fn:/grid/unina. it/
dcilibertiDIR /Cusati/$SIMFILEOUT"

lcg-cr -v --vo unina.it -1 lfn:/grid/unina.it/dcilibertiDIR/
Cusati/$SIMFILEOUT file:$PWD/$SIMFILEOUT

B.1.3 Job file example

Executable = "script.sh";
Arguments = "8 102_ao.sim 102_ao_out.sim macro_102_ao.java";
CpuNumber = 8;

StdOutput = "starccm.log";
StdError = "starccm.err";

Requirements = RegExp("ceo[1—2].scope.unina.it:8443/cream—pbs—
unina_hpc",other.GlueCEUniqueID);

"non

InputSandbox = {"script.sh", "macro_102_ao.java"};

non

OutputSandbox = {"starccm.log", "starccm.err"};

PerusalFileEnable = true;
PerusalTimeInterval = 1000;

RetryCount = 0;
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B.2 TRANSFERRING FILES ON SCOPE

The previously mentioned files must be copied on the user’s personal
directory on SCoPE. To do this, it is necessary a SFTP software as
WinSCP, Filezilla or others, connecting to the address

ui@l.scope.unina.it

with the credentials provided after the registration. More info are
available on www.scope.unina.it.

B.3 COPYING THE SIMULATION FILE ON THE LFC

First of all, a SSH tunnel must be opened on ui@l.scope.unina.it.
This can be done with a unix terminal with the command

ssh -1 username ui@l.scope.unina.it

or by means of an emulator like Putty. Then it is mandatory to create
a proxy before giving any command to the jobs, if more than 12 hours
have passed, typing

voms-proxy-init --voms unina.it

The Local File Catalogue is a space dedicated to simulation files big-
ger than 100 MB. Every user has his own personal directory on the
LFC (to not be confused with the local personal directory). If not
existent, it must be created with the command

1fc-mkdir /grid/unina.it/usernameDIR/folder

and then the filename.sim file can be copied on LFC with the state-
ment

lcg-cr -v --vo unina.it file:/home/username/folders/filename.sim
-1 Ufn:/grid/unina.it/usernameDIR/folders/filename.sim

B.4 RUNNING, MONITORING AND RETRIEVING THE
JOB

From the user’s local folder where there are the previously discussed
files, a job can be launched from the shell with the command

glite-wms-job-submit -a -o job_ID _filename.txt filename.jdl

that includes the registration of the job. Now any further command
for that job will refer to its job identifier. For example, the job moni-
toring is obtained giving

watch "glite-wmsjob—status_—i,_job_ID_filename. txt"
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and the job status is updated every two seconds. However this tells
the user only if the run is scheduled, running, completed, aborted or
cleared. To get a log file, the same that will be obtained when the job
ends, but incomplete for obvious reasons, the perusal option can be
enable in the filename. jdl and giving the following commands

glite-wms-job-perusal --set -f starccm.log https://scopedma-ce.
scope.unina.it:9000/U5100bmOGTvXzMKP_pWGZw

to set the perusal and

glite-wms-job-perusal --get -f starccm.log https://scopedma-ce.
scope.unina.it:9000/U5100bmOGTvXzMKP_pWGZw

to get the partial log file. The last string of the command is an internal
identifier displayed on the shell once launched the job.
Once the job is completed, it can be get by typing

glite-wms-job-output -i job_ID_filename.txt

and retrieved from the temporary folder
/root/tmp/jobOutput

with the SFTP client.



NUMERICAL SIMULATION
RESULTS

In all tables below, each aerodynamic coefficient is expressed as a
ratio between the computed value, which comes from the numeri-
cal simulations, and the baseline value which cannot be specified for
industrial reasons. In the case of pressure and friction drag contri-
butions (C D, and Cp,), both are compared with the global baseline
drag coefficient (Cp). As regard the moment coefficient at « equal to
0° and equal 2°, these are compared with the global baseline moment
coefficient at « equal to 0°.

FRn 1.1 1.2 1.3 1.4 1.5 1.6 1.7

o =0°

Cp, 0.27537  0.27166  0.26603  0.26807  0.27230 0.27889  0.28496

Cp, 0.54651  0.54536  0.54306  0.54293  0.54037  0.54102  0.53819
Cp, 0.18208  0.17965 0.18068  0.18106  0.18004 0.18009  0.17837
CD]D 0.23314  0.21587  0.20115 0.19309 0.18554 0.18180  0.17658
Cp

Cop 1.00396  0.99667  0.98976  0.99206  0.99270  1.00000  1.00153

. 0.77082  0.78080 0.78861  0.79897  0.80716  0.81820  0.82495
Cr -0.98888 -0.98267 -0.99217 -0.99437 -1.00058 -1.00000 -1.00003
Cm -0.89805 -0.92110 -0.94581 -0.96432 -0.98266 -1.00000 -1.01615
Cm, 0.90003  0.91664  0.93041  0.96710 0.98375  1.00000  1.01646
Cr, 1.05667  1.06017  1.07913  0.99134  0.99542  1.00000  1.00038

o =2°

Cp, 0.26603  0.26487  0.26065 0.26359  0.26935  0.28074  0.28394
Cp
Cb
Cp, 0.20358  0.18951  0.17262  0.16391  0.15713  0.15201  0.14856
Cp,
Cop 0.97248 0.96839  0.96186  0.96289  0.96519  0.96916  0.97466
CL -0.32664 -0.31823 -0.31586 -0.37307 -0.37673 -0.37327 -0.37307
Cm 0.21431  0.21178  0.20408  0.23092  0.23315  0.23590  0.24009

. 0.52591  0.52309  0.52105 0.51862  0.51542  0.51260  0.51145
0.18055 0.18042  0.18017 0.18068  0.18042 0.17581  0.17927

t

0.76890  0.77888  0.78925 0.79897  0.80806  0.81714 0.82610

Table 22: Results of numerical simulation for the configuration with nose
geometry modifications, M = 0.52, Rer, = 2.02x108.
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FR 7 8 8.69 9.5 11 12
o =0°
Cp, 024722 026756 0.27889 0.28867 0.29034 0.29840

Cp, 0.38567 0.48215 0.54102 0.61970 0.79104 0.87396
0.21113  0.19091  0.18009 0.17146 0.16622  0.16072
0.19091  0.18349 0.18180 0.18132 0.17428 0.17454
Cp, 0.65310 0.75713 0.81820 0.89852 1.07331 1.15853
Cp 0.84401 0.94062 1.00000 1.07984 1.24759  1.33307
CL -1.05249 -1.01795 -1.00000 -0.98029 -0.95946 -0.93825
Cm  -1.10748 -1.04182 -1.00000 -0.94964 -0.85164 -0.79383
Cm, 068456 0.87360 1.00000 1.12769 1.38460 1.55510
Cr, 0.91755 0.94759 1.00000 1.09109  1.12813  1.15817

o =2°

Cp, 024171 0.26590 0.27793 0.28650 0.29571  0.29917
Cp, 0.35508 0.45400 0.51350 0.59501 0.76199  0.85041
Cp, 0.20755 0.18963  0.17901  0.17466  0.16596  0.16430
Cp, 0.15355 0.15265 0.15227 0.15624 0.15265 0.15496
Cp
Cpb 0.80435 0.90953  0.97044 1.05617 1.22367 1.31388
Cr -0.47744 -0.42407 -0.37327 -0.20648 -0.25243 -0.21240
Cm  -0.26144 0.03786 0.23590 0.44407 0.85960 1.12813

0.65080 0.75687 0.81817 0.89993 1.07101  1.15892

Table 23: Results of numerical simulation for the configuration with cabin
geometry modifications, M = 0.52, Rer , = 2.02x108.
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FR 2.3 2.4 2.5 2.6 2.7 2.83 2.9 3
x =0°
Cp, 0.27613  0.27741  0.27716  0.27844  0.27844  0.27889  0.27933  0.28010

Cp, 0.56570  0.56059  0.55508 ~ 0.55176  0.54446  0.54102  0.53717  0.53499
Cp, 0.15969  0.16494  0.16750  0.17134 0.17351 0.18009  0.18260  0.18938
0.21791 0.21152 0.20422 0.19808 0.18951 0.18180 0.17927 0.17697
Cp; 0.78362 0.79142 0.79552 0.80345 0.80691 0.81820 0.81983 0.82751
Cp 1.00153 1.00294  0.99974  1.00153  0.99641 1.00000  0.99910  1.00447
CL -1.20000  -1.16290  -1.12634 -1.09271  -1.04591  -1.00000 -0.98486  -0.97079
Cm -0.92472  -0.93637 -0.95023 -0.96209  -0.98268  -1.00000  -1.00519  -1.00952
CMea 0.95567  0.96852  0.95967  0.96568 0.96421 1.00000  0.98544  0.99322
CL 1.08263  0.96480  1.07534  1.07242 1.12346  1.00000  1.07184  1.06600

o

o« =2°

Cp, 027485 027447 027498 027447  0.27959  0.28074  0.27332  0.27882
Cp, 0.52821 053384  0.52540  0.52156 0.51631 0.51260  0.51196  0.50851
0.16110  0.15624  0.16647  0.16775 0.17428 0.17581 0.18157  0.18938
Cp, 0.17415 0.17978 0.17108 0.16174 0.16289 0.15201 0.14613 0.15112
Cp, 0.79001 0.78477 0.79577 0.80204 0.80729 0.81714 0.82072 0.82559
Cp 0.96417 0.96455 0.96685 0.96378 0.97018 0.96916 0.96685 0.97671
Cr -0.52149 -0.55824  -0.45240 -0.42060 -0.34181 -0.37327 -0.31312  -0.30270
Cm 0.25603 0.26036  0.23549 0.23111 0.20869 0.23590  0.21260  0.21794

Table 24: Results of numerical simulation for the configuration with tail-
cone geometry modifications, M = 0.52, Rer, = 2.02x108.
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COLOPHON

This work was realized with IXIEXusing arsclassica, a re- style of the ty-
pographical look-and-feel classicthesis developed by André Miede.
The style was inspired by Robert Bringhurst’s seminal book on typog-
raphy “The Elements of Typographic Style”.

Charts were generated with pgfplots and graphics were realized
with Tikz.
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