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SUMMARY

In recent years, the environmental impact of transportation, especially from the growing aviation
industry has raised concerns by the public. Environmental experts predicted that air transportation
is growing for the coming two decades [1]. In order to maintain a sustained global economy, the
aviation industry has been triggered to find more innovative solutions to become more environ-
mentally friendly in this industry. The faculty of Aerospace Engineering of Delft University of Tech-
nology (TU Delft) collaborates with Airbus in the Movables for Next Generation Aircraft (MANTA)
project to find new innovative solutions with the goal to improve the conventional NACA ram-air
inlet [2]. The closure flap inside the NACA ram-air inlet regulates the amount of ram-air that is in-
gested by the NACA ram-air inlet. This flap consists of two rigid plates. It was demonstrated that a
very pronounced kink is present for a certain configuration. This pronounced kink causes undesir-
able aerodynamic effects [3]. Due to the presence of this kink, the freestream airflow is subjected
to a sharp deflection, which triggers flow separation and hence results in pressure losses in the dif-
fused part inside the NACA ram-air inlet and vibrations at the inlet [3]. During the flight, this can
also cause noise. A single morphing flap has been proposed as the replacement design of the closure
flap mechanism inside the inlet of the Airbus A320. Since this is a new development in the design of
the NACA ram-air inlet, no similar research on this particular design has been conducted yet.

Steady-state Reynolds-Averaged Navier-Stokes (RANS) based Computational Fluid Dynamics
(CFD) simulations were conducted in order to analyse the aerodynamic performance of the con-
ventional hinged flap and the new design with morphing flap for a range of operating settings. Each
set of flap design has three different configurations, from which the minimal distance inside in the
inlet was varied. A range of mass flow rates was varied in the CFD simulations. The geometry was
based on the dimensions of the real NACA ram-air inlet of the Airbus A320. Since three different
configurations were used for the CFD simulations, the grid had to be assessed on the discretisation
error of the CFD simulations. The Least Squares version of the Grid Convergence Index (GCI) was
used [4]. A trade-off between the required run time of the CFD simulation and the level of accuracy
was made.

From the CFD results, it was observed that the largest differences in pressure recovery improve-
ment and drag reduction are found for Configuration 1 with an opening of 15 [mm]. Configuration
1 with an opening of 15 [mm] inside the NACA ram-air inlet showed a significant improvement in
pressure recovery. The largest improvement in terms of pressure recovery between the Configura-
tion with morphing flap and with hinged flap, which was found to be 13.5% at a low mass flow rate
of 0.100 [kg /s]. By investigating the drag envelope, the maximum improvement of the drag of the
morphing flap with respect to the hinged flap is 33.8%. By assessing the C p-plots of the ramp and
the closure flap between Configuration 1 with a hinged flap and a morphing flap, it was shown that
a strong suction peak was present at the location of the sharp kink in the hinged flap. This kink
has been eliminated by the smooth characteristics of the morphing flap, minimising the local su-
pervelocity. This means that the strong adverse gradient is reduced, such that the boundary layer is
less prone to flow separation, minimising pressure losses. Configuration 3 with a morphing flap has
a lower pressure recovery than Configuration 3 with a hinged flap for most mass flow rates. High
obliquity and high flow spillage cause large pressure losses [5]. It was shown that vortex ingestion is
high at high mass flow rates. This results in higher pressure losses due to vortex cores.
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ṁ Mass flow rate [kg /s]
M Mach number [−]
Nu Nusselt number [−]
p∗ Observed order of convergence [−]
P Pressure [Pa]
Pr Prandtl number [−]
R Gas constant [J/(kg ·K )]
q Dynamic pressure [Pa]
Re Reynolds number [−]
Sr e f Reference area [m2]
T Temperature [K ]
Us Standard deviation [−]
Uϕ Overall uncertainty [%]
y+ Dimensionless wall distance [−]
Q Heat transfer [W ]

Subscripts Description

∞ freestream
t total
s static
0 ambient
1 throat



LIST OF ABBREVIATIONS

CAD Computer-Aided Design
CFD Computational Fluid Dynamics
DNS Direct Numerical Simulation
ECS Environmental Control System
LES Large Eddy Simulation
MANTA Project Movables for Next Generation Aircraft
NACA National Advisory Committee for Aeronautics
PACK Pressurisation and Air Conditioning Kit
RANS Reynolds-Averaged Navier-Stokes
RPR Ram Pressure Ratio
SST Shear Stress Transport
TU Delft Delft University of Technology
URANS Unsteady Reynolds-Averaged Navier-Stokes

xi





LIST OF FIGURES

1.1 North American F-86F aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Supermarine Attacker aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 The location of the ram-air inlet flap on the belly component of the Airbus A320 . . . 3
1.4 Cross-sectional side view of the ram-air inlet of the Airbus A320 aircraft . . . . . . . . . 3
1.5 CFD results of a configuration with the deflected closure flap . . . . . . . . . . . . . . . 4

2.1 Three different classes of planform for the approach ramp of a submerged inlet . . . . 8
2.2 Vortex around the edge of the ramp walls . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Vortex sheet in a divergent inlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Schematic overview of the experimental test setup of the 1/5-scale model of the fighter

aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 The NACA ram-air inlet model that is being tested by Mossman and Randall . . . . . . 10
2.6 Influence of design parameters: height and spacing of vortex generators . . . . . . . . 13
2.7 Half of the geometry of the NACA ram-air inlet is illustrated. The location of the throat

area, at which the pressure recovery is calculated, is shown in black. . . . . . . . . . . 16
2.8 Inlet geometry with the entry streamtube . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.9 The effect of the mass flow ratio on the entry streamtube and dividing streamline . . . 17
2.10 The two different regions, thin and thick boundary layer, around a solid body . . . . . 18

3.1 Side view of the NACA ram-air inlet of the Airbus A320. The flow direction is indicated
with red arrows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Isometric view of the NACA ram-air inlet of the Airbus A320 with the location of the
’axis of rotation’ indicated by the red box. . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 The water injector inside the NACA ram-air inlet of the Airbus A320 . . . . . . . . . . . 27
3.4 Isometric view of the NACA ram-air inlet with definitions . . . . . . . . . . . . . . . . . 28
3.5 Top view of the NACA ram-air inlet with definitions . . . . . . . . . . . . . . . . . . . . . 28
3.6 Side view of the NACA ram-air inlet with definitions . . . . . . . . . . . . . . . . . . . . 28
3.7 Side view of the NACA ram-air inlet with the deflected state of the conventional closure

flap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.8 Hinged flap (conventional design), consisting of two rigid plates (and an attachment

strip with holes), is illustrated on the left side. Morphing flap (novel design) is illus-
trated in black on the right side. The flaps are attached with countersunk bolts to the
NACA ram-air inlet at the ’axis of rotation’. . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.9 Morphing (laminate) flap. The morphing flap is attached with countersunk bolts to
the NACA ram-air inlet at the ’axis of rotation’ . . . . . . . . . . . . . . . . . . . . . . . . 30

3.10 The three different shapes of the morphing flap due to deflection . . . . . . . . . . . . 31
3.11 Close-up of the NACA ram-air inlet. Top: Configuration 1 with an opening of 15 [mm],

with hinged flap. Bottom: Configuration 1 with an opening of 15 [mm], with morphing
flap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.12 Close-up of the NACA ram-air inlet. Top: Configuration 2 with an opening of 55 [mm],
with hinged flap. Bottom: Configuration 2 with an opening of 55 [mm], with morphing
flap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

xiii



xiv LIST OF FIGURES

3.13 Close-up of the NACA ram-air inlet. Top: Configuration 3 with an opening of 95 [mm],
with hinged flap. Bottom: Configuration 3 with an opening of 95 [mm], with morphing
flap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.14 Mesh of the NACA ram-air inlet model that is used for the CFD simulations . . . . . . 34

3.15 Mapped mesh around the lip area of the NACA ram-air inlet . . . . . . . . . . . . . . . 35

3.16 An inflation layer around the ramp, the lip and inside the tunnel is shown. The infla-
tion layer is applied around all physical walls of the geometrical model. . . . . . . . . . 36

3.17 Computational domain with its boundary conditions - NACA ram-air inlet (tunnel) is
hidden . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.18 Computational domain with its boundary conditions - zoomed in on the NACA ram-
air inlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.1 The mesh of the mesh refinement study with a refinement ratio of 1.26 . . . . . . . . . 43

4.2 The three locations of the slices, at which the pressure coefficient Cp has been plotted,
are indicated with ϕ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Grid convergence study of case 15 [mm]. The mesh data points are illustrated with a
circle icon, the dotted line represents the best fit of the observed order of convergence
and the solid line corresponds to the fit with p∗ = 2. . . . . . . . . . . . . . . . . . . . . 46

4.4 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ= 0. The results of three grid sizes of Configuration 1 are illus-
trated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.25. The results of three grid sizes of Configuration 1 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.50. The results of three grid sizes of Configuration 1 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.7 Grid convergence study of Configuration 2 - 55 [mm]. The mesh data points are illus-
trated with a circle icon, the dotted line represents the best fit of the observed order of
convergence and the solid line corresponds to the fit with p∗ = 2. . . . . . . . . . . . . 49

4.8 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ= 0. The results of three grid sizes of Configuration 2 are illus-
trated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.9 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.25. The results of three grid sizes of Configuration 2 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.10 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.50. The results of three grid sizes of Configuration 2 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.11 Grid convergence study of case 95 [mm]. The mesh data points are illustrated with a
circle icon, the dotted line represents the best fit of the observed order of convergence
and the solid line corresponds to the fit with p∗ = 2. . . . . . . . . . . . . . . . . . . . . 51

4.12 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ= 0. The results of three grid sizes of Configuration 3 are illus-
trated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.13 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.25. The results of three grid sizes of Configuration 3 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52



LIST OF FIGURES xv

4.14 Grid convergence study of the chordwise pressure coefficient distribution of the upper-
and lower surfaces at ϕ = 0.50. The results of three grid sizes of Configuration 3 are
illustrated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.15 The CFD run time of Meshes no.1 to 5, for configurations 1,2, and 3, are indicated with
blue, red, and green respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.1 Comparison between the hinged and morphing flap of Configuration 1 with an open-
ing of 15 [mm]. The pressure recovery is plotted as a function of the mass flow rate. . 56

5.2 Comparison between the hinged and morphing flap of Configuration 2 with an open-
ing of 55 [mm]. The pressure recovery is plotted as a function of the mass flow rate. . 57

5.3 Comparison between the hinged and morphing flap of Configuration 3 with an open-
ing of 95 [mm]. The pressure recovery is plotted as a function of the mass flow rate. . 57

5.4 Pressure recovery at the cross-sectional area of the throat versus mass flow rate ob-
tained from CFD simulations is plotted. The envelope of the maximum pressure re-
covery is plotted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.5 The envelopes pressure recovery of the designs with morphing and hinged flaps are
shown in blue. The relative difference of pressure recovery envelopes of the morphing
flap with respect to the hinged flap is shown in orange. . . . . . . . . . . . . . . . . . . . 60

5.6 Comparison of the drag coefficient between the hinged and morphing flap of each
configuration on the left axis. The drag coefficient is plotted as a function of the mass
flow rate. The relative difference of the drag coefficient between the morphing and
hinged flap in percentage is plotted on the right axis. . . . . . . . . . . . . . . . . . . . . 62

5.7 Drag count of the NACA ram-air inlet and the fuselage skin versus mass flow rate ob-
tained from CFD simulations is plotted. The envelope of the minimum drag count for
a given mass flow rate is plotted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.8 The envelopes drag counts of the designs with morphing and hinged flaps are shown
in blue. The relative difference of pressure recovery envelopes of the morphing flap
with respect to the hinged flap is shown in orange. . . . . . . . . . . . . . . . . . . . . . 63

5.9 Side view of Configuration 1 - 15 [mm] opening with hinged flap of the lower surface
of the NACA ram-air inlet and the upper and lower surface around the NACA ram-air
lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . . . 65

5.10 Side view of Configuration 1 - 15 [mm] opening with morphing flap of the lower sur-
face of the NACA ram-air inlet and the upper and lower surface around the NACA ram-
air lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . 65

5.11 Cp -plots of Configuration 1 - 15 [mm] opening with hinged flap and morphing flap.
x/c is the normalised x-distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.12 Side view of Configuration 2 - 55 [mm] opening with hinged flap of the lower surface
of the NACA ram-air inlet and the upper and lower surface around the NACA ram-air
lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . . . 67

5.13 Side view of Configuration 2 - 55 [mm] opening with morphing flap of the lower sur-
face of the NACA ram-air inlet and the upper and lower surface around the NACA ram-
air lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . 67

5.14 Cp -plots of Configuration 2 - 55 [mm] opening with hinged flap and morphing flap.
x/c is the normalised x-distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.15 Side view of Configuration 3 - 95 [mm] opening with hinged flap of the lower surface
of the NACA ram-air inlet and the upper and lower surface around the NACA ram-air
lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . . . 68

5.16 Side view of Configuration 3 - 95 [mm] opening with morphing flap of the lower sur-
face of the NACA ram-air inlet and the upper and lower surface around the NACA ram-
air lip: The lower surface of the NACA ram-air inlet is indicated in blue. . . . . . . . . . 69



xvi LIST OF FIGURES

5.17 Cp -plots of Configuration 3 - 95 [mm] opening with hinged flap and morphing flap.
x/c is the normalised x-distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.18 The location of the midplane and the duct entrance plane . . . . . . . . . . . . . . . . . 70
5.19 Vorticity-plots at the midplane for Configuration 1 with a hinged flap and a morphing

flap at a mass flow rate 0.100 [kg /s] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.20 Vorticity-plots at the duct entrance plane for Configuration 1 with a hinged flap and a

morphing flap at a mass flow rate 0.100 [kg /s] . . . . . . . . . . . . . . . . . . . . . . . . 71
5.21 Vorticity-plots at the duct entrance plane for Configuration 1 with a hinged flap and a

morphing flap at a mass flow rate 0.300 [kg /s] . . . . . . . . . . . . . . . . . . . . . . . . 72
5.22 Side view of the NACA ram-air inlet. Configuration 1 with a mass flow rate of 0.100

[kg /s]. The vorticity strength [1/s] is plotted with the streamlines of the airflow. Top
shows the hinged case, bottom shows the morphing case. . . . . . . . . . . . . . . . . . 73

5.23 Side view of the NACA ram-air inlet. Configuration 1 with a mass flow rate of 0.300
[kg /s]. The vorticity strength [1/s] is plotted with the streamlines of the airflow. Top
shows the hinged case, bottom shows the morphing case. . . . . . . . . . . . . . . . . . 73

5.24 Half of the geometry of the NACA ram-air inlet is illustrated. The distortion plane is
indicated in black. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.25 The velocity-plots at the distortion plane for Configuration 1 with a hinged flap and a
morphing flap at a mass flow rate of 0.100 [kg /s] . . . . . . . . . . . . . . . . . . . . . . 75

5.26 The velocity-plots at the distortion plane for Configuration 2 with a hinged flap and a
morphing flap at a mass flow rate of 1.500 [kg /s] . . . . . . . . . . . . . . . . . . . . . . 76

5.27 The velocity-plots at the distortion plane for Configuration 3 with a hinged flap and a
morphing flap at a mass flow rate of 2.500 [kg /s] . . . . . . . . . . . . . . . . . . . . . . 76

A.1 Data points of the NACA ram-air inlet shown in CATIA . . . . . . . . . . . . . . . . . . . 85



LIST OF TABLES

2.1 Pressure recovery for forward and aft location of the parallel-walled inlet PW and a
divergent-walled inlet DW, respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Pressure recovery η for different cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.1 The three configurations of the NACA ram-air inlet in which the opening size at the
throat was varied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Mass flow rates of each Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 The operating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1 Grid Convergence Study of Configuration 1 - 15 [mm] opening - the drag coefficient
and the pressure recovery of each mesh. The values of both parameters are extrapo-
lated with the best fit and the fit where the order of convergence was set to 2. . . . . . 45

4.2 Grid Convergence Study of Configuration 1 - 15 [mm] opening - uncertainty analysis 45
4.3 Grid Convergence Study of Configuration 2 - 55 [mm] opening - the drag coefficient

and the pressure recovery of each mesh. The values of both parameters are extrapo-
lated with the best fit and the fit where the order of convergence was set to 2. . . . . . 48

4.4 Grid Convergence Study of Configuration 2 - 55 [mm] opening - uncertainty analysis 48
4.5 Grid Convergence Study of Configuration 3 - 95 [mm] opening - the drag coefficient

and the pressure recovery of each mesh. The values of both parameters are extrapo-
lated with the best fit and the fit where the order of convergence was set to 2. . . . . . 50

4.6 Grid Convergence Study of Configuration 3 - 95 [mm] opening - uncertainty analysis 51

A.1 Coordinates of the NACA ram-air inlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

xvii





1
INTRODUCTION

The design of an inlet is one of the most challenging tasks of the development of aircraft with air-
breathing systems. The NACA ram-air inlet was developed in the 1950s by a research group at the
National Advisory Committee for Aeronautics (NACA) and no radical changes in its design have
been done. In recent years, the environmental impact of transportation, especially from the grow-
ing aviation industry has raised concerns by the public. Environmental experts predicted that air
transportation is growing for the coming two decades [1]. In order to maintain a sustained global
economy, more innovative solutions in the aviation industry are needed to strive to become more
environmentally friendly.

For this reason, the faculty of Aerospace Engineering of Delft University of Technology (TU Delft)
collaborates with Airbus in the Project Movables for Next-Generation Aircraft (MANTA) upon find-
ing a new innovative solution with the goal to improve the NACA ram-air inlet [6]. A single morphing
flap has been proposed as replacement design of the closure flap mechanism inside the NACA ram-
air inlet of the Airbus A320. Since this is a new development in the design of the NACA ram-air inlet,
no similar research on this particular design has been conducted yet.

The scope of the thesis project is bounded to the forward part of the air-conditioning system of
the Airbus A320, which encompasses the NACA ram-air inlet that is submerged on the surface of the
fuselage. The influence on proceeding parts of the air-conditioning system such as the precoolers,
heat exchangers and the outlet upon the inlet performance will not be treated in the thesis project.

1.1. HISTORY OF AIR-BREATHING INLETS
The inlet needs to deal with the mismatch between the airflow condition in the freestream and the
required inflow conditions for the engine at the inlet entrance. The inlets have to able to ingest the
required amount of air for various flight conditions. The role of the inlet is to achieve the required
transformation at high efficiency. A high efficiency equals to the maximisation of the pressure re-
covery, while simultaneously the drag, complexity of the design, weight and cost are minimised. A
significant source of energy loss is friction on the external surface, which is caused by wetting the
surface with airflow. The low-energetic airflow will then be ingested by the air inlet resulting in high
pressure losses.

In the early years of jet aircraft development, many aircraft manufacturers opted for minimising
pressure losses by placing the inlets far off the fuselage or integrating with the nose of the aircraft.
The engine inlet of the North American F-86F aircraft, shown in Figure 1.1, was integrated with the
nose of the aircraft, such that the ingested incoming airflow is undisturbed and clean.

1
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Figure 1.1: North American F-86F aircraft 1 Figure 1.2: Supermarine Attacker aircraft 2

Another philosophy is to integrate a Y-shaped duct on the sides of the fuselage, as shown by the
Supermarine Attacker aircraft in Figure 1.2. One drawback of such design is that the long bifurcated
duct requires sharp bends around the cockpit, which causes significant losses due to wall friction.
Another disadvantage is that it can cause high flow distortion through mixing for asymmetric oper-
ation in which mass flow is ingested unequally. On the other hand, this specific type of submerged
inlet has the advantage that little drag is added, whilst providing a good pressure recovery and its
low weight characteristics. The submerged inlet lies below the outer skin of the aircraft fuselage,
such that it does not add to the radar cross-sectional area of the aircraft, making the submerged
inlet suitable for stealth technology [7]. This particular type of air inlet is named as the submerged
inlet or known as the flush (mounted) inlet [8].

The same findings have been noticed earlier by a researcher at the National Advisory Commit-
tee, F.M.Rogallo conducted intensive experimental research to determine efficient arrangements of
different inlet shapes, from extruding inlets to parallel-walled inlets, for internal-flow systems in the
year 1941 [9]. He had concluded that the inlet opening of an internal-duct system should be located
at the forward stagnation points of the part of the aircraft to be most efficient. The tests also in-
dicated that small openings for airflow resulted in relatively high losses [9]. He concluded that the
submerged inlet has difficulties in achieving low internal-flow losses, mainly because the airflow is
diverted from its flow path along the aircraft fuselage into the duct entrance [9]. Therefore, the sub-
merged inlets should not be used for internal-flow systems because of its poor drag characteristics
which lead to high losses [9].

The Ames Aeronautical Laboratory, a facility of NACA, conducted further research on submerged
inlets. The parallel-walled inlet has shown to diverge the streamlines of the flow as the duct entrance
was approached. The research group suggested to modify and diverge the ramp walls to match the
walls with the streamlines of the flow in order to achieve an increased inlet performance [10]. This
modification allowed the pressure recovery to increase up to 10% [10]. Matching the ramp walls
with the local streamlines resulted in good pressure recovery and drag characteristics [10] [11]. The
divergent ramp walls should have sharp (lateral) edges to allow improved inlet performance. The
submerged-type inlet called NACA ram-air inlet was then invented, knowing for its S-shaped diver-
gent ramp walls [10].

1.2. NACA RAM-AIR INLET MECHANISM
The inlet flap of the NACA inlet mechanism modulates the amount of ambient airflow, which is
ingested into the duct tunnel in which the heat exchangers of the Environmental Control System
(ECS) use the air to cool down the bleed-air from the engines [12]. The amount of air is controlled
and monitored by the temperature unit of the Pressurisation and Air Conditioning Kit (PACK). The
ram-air inlet flap is located inside the NACA ram-air inlet and NACA ram-air inlet is located in the
belly fairing of the Airbus A320 aircraft, shown in Figure 1.3.

1Source:https://classicfighters.org/north-american-f-86-sabre/
2Source:https://www.baesystems.com/en/heritage/vickers-supermarine-type-371-spiteful

https://classicfighters.org/north-american-f-86-sabre/
https://www.baesystems.com/en/heritage/vickers-supermarine-type-371-spiteful
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Figure 1.3: The location of the ram-air inlet flap on the belly component of the Airbus A320 [13]

From the observation of Figure 1.4, it can be seen that the ram-air inlet flap consists of two rigid
plates connected by a hinge and an actuator attached to the flap mechanism to push in the vertical
direction up and downwards. The actuator is responsible for the opening and closing of the NACA
ram-air inlet. The entire flap itself is attached to the NACA ram-air inlet by five bolts at the hinge
line. The bottom of the downstream rigid plate is connected to an actuator for the deflection. Fur-
thermore, the downstream rigid plate also has two aft-hinges that allow the aft-hinge location to
slide a bit back and forth. Opening and closing the ram-air inlet is controlled by the actuator. The
flap of the ram-air inlet acts like a door which is nearly closed during take-off and landing to prevent
debris from being ingested into the ram-air inlet [14]. The ram-air inlet door is 25% open when the
aircraft is on the ground, and it is fully closed in flight [14].

Figure 1.4: Cross-sectional side view of the ram-air inlet of the Airbus A320 aircraft - Courtesy of Airbus

1.3. PROBLEM STATEMENT
The design of the NACA ram-air inlet has attracted interest from researchers. There is a problem
with the NACA ram-air inlet in existing aircraft. The source of the problem originates in the design
of the ram-air inlet flap, which consists of two rigid plates, as shown in Figure 1.4. The first rigid
plate is curved, while the second rigid plate is flat.

Two kinks are present in this conventional closure flap design. The first kink is located in the
middle of the rigid plate due to the permanent curvature of the plate. The second kink is located at
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the hinge between the two individual rigid plates. For the configuration in which the ram-air inlet
flaps are (nearly) closed, as shown in Figure 1.5, the kink that is located between the two individual
rigid plates is very pronounced. Computational Fluid Dynamics (CFD) simulations have shown that
this pronounced kink causes undesirable aerodynamic effects, shown in Figure 1.5 [3]. Due to the
presence of this kink, the freestream airflow is subjected to a sharp deflection, which triggers flow
separation and hence results in pressure losses in the diffused part inside the NACA ram-air inlet
and vibrations at the inlet [3]. During the flight, this can also cause the development of noise.

Figure 1.5: CFD results of a configuration with the deflected closure flap [Courtesy of Airbus]

It is expected that smoother geometry without sharp kinks leads to improvement in aerody-
namic performance. The simplest solution to this problem is to remove the sharp kink by designing
a smoother hinge between the two rigid individual flaps or using flexible geometry, which inherently
eliminates the kink in the closure flap and thus unfavourable geometry is avoided. The closure flap
is required to deflect up and down to modulate the amount of airflow that is being ingested into the
duct. A method to tackle the problem with the ram-air flap is to design aircraft structures with the
properties that possess smoother geometry and are able to change its shape without introducing
sharp kinks. Smart materials and adaptive structures have made new novel designs possible and
overcome its limitations. For this reason, a single morphing flap made of laminate is proposed as an
innovative solution to the old design with rigid hinged plates. The aerodynamic analysis shall show
the changes in aerodynamic effects by replacing the closure flap with rigid plates with a morphing
flap.

1.4. RESEARCH OBJECTIVE
A literature review on the traditional NACA ram-air inlets have been conducted. However, it lacks
aerodynamic analysis on the NACA ram-air inlet with its new proposed design. This causes a gap in
the implementation of new projects.

The primary goal of this thesis project is to analyse the aerodynamic effects of the NACA ram-air
inlet when the hinged flap is replaced by a single morphing flap. The new design with the single
morphing flap as the new closure flap mechanism will be compared with the old design with the
hinged flap. A secondary goal of this thesis is to understand the inlet performance of the NACA
ram-air inlet with a morphing flap in comparison with a hinged flap. To analyse the aerodynamic
effects of the NACA ram-air inlet, CFD simulations will be performed for multiple cases.
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Based on the motivation, the research objective can be summarised and is stated as follows:

• Investigate the aerodynamic effects of the closure flap mechanism inside the NACA ram-air in-
let of the Airbus A320 with a single morphing flap through Computational Fluid Dynamics
simulations

1.5. THESIS OUTLINE
The thesis is outlined as follows. Chapter 2 deals with the literature review in which past research
on the ram-air inlet were compared. The aerodynamic background behind the ram-air inlet will
also be presented. This is followed by Chapter 3 in which the methodology in CFD is presented and
discussed, including the geometry of the real NACA ram-air inlet, the approach to the different test
cases and the mesh generation are presented. In Chapter 4, the grid convergence study of a set of
grids is conducted. The results from the CFD simulations are presented and discussed in Chapter 5.
Finally, the conclusions of this thesis project on the design of the closure flap mechanism inside the
NACA ram-air inlets and recommendations for future work are presented in Chapter 6.





2
THEORETICAL BACKGROUND

This chapter deals with the experimental and numerical studies that have been done in the past.
The experimental studies are needed to show the important aerodynamic phenomenons of the in-
lets. The numerical studies show how researchers have tried to improve the performance of the
inlets, especially by using vortex generators. The experimental investigation on inlets will be dis-
cussed in Section 2.1, while the numerical investigation on inlets will be reviewed in Section 2.2. A
brief comparison between the inlets that are mostly used for the ECS, the parallel-walled inlet and
the NACA ram-air inlet, is made in Section 2.3. The aerodynamic theory on inlets and the parame-
ters to express the inlet performance are discussed in Section 2.4.

2.1. EXPERIMENTAL INVESTIGATIONS

Ram-air inlets have been used in aircraft for auxiliary systems. A great number of research on ram-
air inlets have been conducted between 1940 and 1960 by NACA [15]. The ram-air inlets can be
divided into two groups: scoop inlets that are protruding the surface, submerged inlets that are lo-
cated slightly below the surface. Usually, the submerged-type inlets are used on aircraft for auxiliary
systems. First, the most basic configurations of the submerged-type inlet and their characteristics
are presented in Subsection 2.1.1. Then the experimental work on the submerged-type inlets, NACA
ram-air and parallel-walled inlets, will be discussed in Subsections 2.1.2 and 2.1.3, respectively.

2.1.1. SUBMERGED INLETS

The design of the planform, which includes the profile and planform, affects the magnitude and
distribution of air that flows into the inlet. These factors have an influence on the overall inlet per-
formance. According to research conducted by Sachs and Spreiter (1951), three types of planforms
are presented as the approach ramps of a submerged inlet [16]. The three different planforms are
illustrated in Figures 2.1a, 2.1b, and 2.1c.

7
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(a) Parallel walls (b) Divergent walls (c) Convergent walls

Figure 2.1: Three different classes of planform for the approach ramp of a submerged inlet [16]

For the parallel-walled inlet shown in Figure 2.1a, the author concluded that flow around the
parallel-walled inlet can be modelled as a two-dimensional flow for average mass flow ratios [16].

The second class of planform, the divergent-walled inlet, is shown in Figure 2.1b. According to
the authors, this planform has two main differences with respect to the parallel-walled inlet. Firstly,
since the flow near the ramp floor is not aligned with the flow direction, the flow around the inlet
with divergent walls cannot be approximated as a two-dimensional flow [16]. Secondly, the external
flow is not aligned with the edge of the divergent walls and is forced to flow over the edges into the
inlet cavity [16]. The described phenomenon is illustrated in Figure 2.2.

Figure 2.2: Vortex around the edge of the ramp of a divergent walled inlet
[17]

Figure 2.3: Vortex sheet in a divergent inlet [16]

The authors believed that these two reasons cause a vortex sheet to be generated along the ramp
walls of the divergent-walled inlet. The design of an inlet affects both the boundary layer and the
generation of vortex sheets [16]. Figure 2.3 illustrates the described phenomenon.

The third type is the convergent-walled inlet that behaves similar to the divergent-walled inlet
with generating a pair of vortices. The main difference of the convergent-walled inlet is that the vor-
tices roll outwards over the wall edges, such that the effect of the vortices on the pressure recovery
is small [16].

The divergent-walled and parallel-walled inlets are mostly used for the auxiliary systems on the
aircraft. The experimental work on a special type of the divergent-walled inlet, the NACA ram-air
inlet, will be discussed in Subsection 2.1.2. The parallel-walled inlet will be discussed in Subsection
2.1.3.
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2.1.2. NACA RAM-AIR INLET

Rogallo presented in 1941 the results of the experimental research on different inlet shapes for an
internal-flow system, which has been tested in a 5-foot (1.52[m]) vertical wind tunnel (1941) [9].
Rogallo tested a wide variation of opening shapes during the experiments from flush openings with
circular ducts, adjustable-flap openings, parallel-walled openings, scoops and circular pipes pro-
truding the surface plate. The researcher concluded that the submerged inlets should not be used
because of its poor pressure characteristics [9]. Researchers of Ames Aeronautical Laboratory, a fa-
cility of NACA, however, found interesting results about the parallel-walled inlet. The results showed
that the streamlines of the flow diverge as the duct entrance is approached. The researchers tried to
match the divergent ramp walls with the local streamlines, the divergent-walled inlet with S-shaped
ramp edges was invented [10]. This type of inlet is known as the NACA ram-air inlet. A large number
of research on NACA ram-air inlets have been conducted.

Gault (1947)
Gault investigated NACA ram-air inlets on a 1/5-scale model of the fighter aircraft (1947) [18]. The
twin NACA ram-air inlets were positioned on the side of the fuselage, above the leading edge of the
wing. Figure 2.4 shows the wind tunnel test setup of the research conducted by Gault.

Figure 2.4: Schematic overview of the experimental test setup of the 1/5-scale model of the fighter aircraft [18]

The results of the pressure losses and the pressure distribution of the lip and ramp as a function
of angle of attack and velocity ratio were acquired by the experiments [18]. The flaps were deflected
at 55° while the velocity ratio and angle of attack were kept constant. The investigation aimed to in-
vestigate the variations of pressure distributions. This wind tunnel experiment revealed that there
was a region of low energy flow along the edge of the inlet, in the vicinity of the wing [18]. It was
determined that low energy regions that occurred near the side of the inlet, adjacent to the wing,
caused significant pressure losses [18]. Moreover, the streamline pattern of the flow was disturbed
by the upwash of the wing, causing the separation of the flow, which resulted in pressure losses in
the inlet [18]. Gault concluded that the NACA ram-air inlets should not be placed on the fuselage in
the vicinity of the leading edge of the wing.

Mossman and Randall (1948)
Mossman and Randall conducted research on the following submerged inlets: parallel-walled inlets,
divergent-walled inlets, and the NACA ram-air inlets with curved-divergent-walls in a 7[ft]-10[ft]
(2.13-[m]-3.05-[m]) wind tunnel (1948) [5]. Many design variables have been investigated, such as
the effect of the shape of the ramp planform, the ramp angle, the width-to-depth ratio, the small
ridges at the edges of the ramp wall, and lip shapes were investigated. The ramp angle is the angle
inlet ramp relative to the external surface. The test model of the NACA ram-air inlet is shown in
Figure 2.5.
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Figure 2.5: The NACA ram-air inlet model that is being tested by Mossman and Randall [5]

The experiments showed that the boundary layer near the duct entrance influences the pressure
recovery. It was found that the pressure recovery of a submerged-type inlet can be increased by
using divergent ramp planform that thins out the boundary layer [5]. Furthermore, increasing the
ramp angle decreases the pressure recovery.

For a given divergent ramp, the angle between diverging ramp walls and the ramp planform
increases when the ramp angle increases. According to Mossman and Randall, it generates two
adverse effects. First, a large ramp angle provokes flow separation [5]. Second, increasing the ramp
angle (shown in Figure 2.5) increases the obliquity between the freestream flow and the ramp walls,
making it more difficult for the air to follow the contour of the ramp walls [5] [9].

As a result, there is air spillage at the edge of the ramp walls, causing a crossflow to occur be-
tween the freestream flow and the airflow flowing downstream the ramp. This was shown previously
in Figure 2.2. These two adverse conditions, high obliquity and high spillage, cause large pressure
losses.

The parallel-walled inlet has the lowest pressure recovery with a value of 0.80, whereas the con-
figuration with NACA ram-air inlet has the highest value of the pressure recovery of 0.87. From this
result, it was concluded that the walls of the inlet should be curved and divergent (similar to the
typical NACA ram-air inlet, which has curved-divergent ramp walls) [5].

Frank and Taylor (1951)
The effects of the angle of attack and Mach number on the pressure recovery and mass flow ratio
have been investigated by Frank and Taylor (1951) [19]. Experimental research has been conducted
on two different types of ram-air inlets: scoop inlets, and NACA ram-air inlets. The scoop inlet is a
protruding inlet that sticks out of the surface, whereas a NACA ram-air inlet is submerged into the
surface.



2.1. EXPERIMENTAL INVESTIGATIONS 11

At low mass flow ratios between 0 and 0.5, the pressure recovery measured at the entrance of
the NACA ram-air inlet was always higher than the scoop inlet for any Mach number and angle of
attack tested in this experiment [19]. The authors found that the boundary layer thickness growth
upstream of the scoop inlet was stronger, resulting in a lower pressure recovery [19]. Furthermore,
the authors found that the performance of the NACA ram-air inlet is more sensitive than the scoop
inlet to the variation of the angle of attack. This adverse effect on the pressure recovery was present
especially at low angles of attack for increasing Mach number [19].

2.1.3. PARALLEL-WALLED INLET

The parallel-walled inlet is one of the two commonly used submerged inlets. It has the simplest
shape amongst the three basic configurations of submerged inlets, explained in Subsection 2.1.1. It
consists of a ramp with two straight inlet walls on the sides, as shown in Figure 2.1a.

Delany (1948)
Delany presented the results of the inlet performance due to the location of the inlet along the fuse-
lage, which has been tested on a 1/4-scale model of a fighter aircraft (1948) [17]. Two different
types of ram-air inlets have been investigated, inlet PW: the parallel-walled inlet, and inlet DW: a
divergent-walled inlet as found on a NACA ram-air inlet.

Table 2.1: Pressure recovery for forward and aft location of the parallel-walled inlet PW and a divergent-walled inlet DW,
respectively [17]

Forward location Aft location

Inlet PW 0.890 0.820
Inlet DW 0.970 0.935

The pressure recoveries of the forward and aft location for the two types of the inlet for an inlet
velocity ratio of 0.7 are summarised in Table 2.1. Inlets PW and DW were tested on their performance
based on the difference of the walls. The pressure recovery for inlet DW is superior to the pressure
recovery for inlet PW: the inlet PW provided lower values of pressure recovery than for inlet DW.

The researchers believed that the difference in pressure recovery is due to the difference in the
boundary layer thickness of the fuselage. The reason for the lower value of pressure recovery for
inlet PW compared to inlet DW was explained by the rotational flow. Due to the shape of the di-
vergent wall, a pair of rotational flow, vortices, is formed. The vortices push the low-energetic flow
of the boundary away from the duct entrance. Thinning the boundary layer makes it less prone to
flow separation [20]. A thick boundary layer on the fuselage is detrimental to the pressure recovery.
The boundary layer thickness of the aft location of the inlet was 33% thicker than for the forward
location of the inlet [17]. The interference of the pressure field of the wing might also be adverse.
For higher inlet velocity ratios, the strength of the vortices and the proportion of the vortices that
was ingested into the duct entrance were increased [17].

Martin and Holzhauer (1948)
This experiment was conducted to investigate the NACA ram-air and the parallel-walled inlets on
a full-scale model of a fighter jet (1948) [21]. The effect of the ramp divergence and the use of de-
flectors were investigated. The ramp divergence is defined as the angle of the ramp with respect to
the axial direction of the inlet. The researchers found that the pressure recovery is little affected by
the ramp divergence [21]. However, the velocity ratio at which the maximum pressure recovery was
achieved, was decreased [21]. The pressure losses of the parallel-walled inlet were higher than the
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NACA ram-air inlet, leading to lower pressure recovery. The authors concluded that the application
of deflectors improved the pressure recovery of the inlets, but this advantage was cancelled out by
the significant drag penalty caused by the deflectors [21].

Dennard (1959)
Dennard has conducted research on the total-pressure recovery and the drag characteristics of sev-
eral ram-air inlets at transonic speed (1959) [22]. This includes parallel-walled inlets, scoop inlets
and NACA ram-air inlets. The scoop inlet is a protruding inlet that sticks out of the surface, whereas
the parallel-walled and NACA ram-air inlets are submerged into the surface. The range of Mach
number that has been tested lies between 0.55 and 1.3. The ramp angles between with 15° and 90°
with increments of 15 degrees were investigated.

Dennard found the following conclusions. For parallel-walled inlets, the lowest drag and the
highest value of the pressure recovery were found for the inlet with the smallest inlet ramp angle
[22]. Low drag generally occurs at high mass flow ratios. For the scoop inlet, it was found that
both the pressure recovery and the drag were high; the drag was even the highest amongst the three
inlets tested [22]. The NACA ram-air inlet has the highest pressure recovery and the lowest drag of
the three tested inlets [22].

2.2. NUMERICAL INVESTIGATIONS

By the 1990s, technology and computational power became advanced enough to conduct experi-
ments and industrial applications through Computational Fluid Dynamics (CFD). CFD has since
become a common tool to analyse aerodynamic flow around an object. This section presents the
numerical investigations on the submerged inlets through CFD simulations, with the focus on the
improvement of inlet performance by application of the vortices.

Da Silveira et al. (2017)
Da Silveira et al. investigated the effect of the angle of attack on the pressure recovery of the NACA
ram-air inlet (2017) [7]. The inlet efficiency was analysed on a canard-type aircraft using CFD simu-
lations. The SST k −ω turbulence model has been applied.

Table 2.2 shows the test cases with their corresponding overall inlet efficiencies.

Table 2.2: Pressure recovery η for different cases [7]

Case Pressure recovery η

(a) NACA inlet mounted on a flat plate (uniform) 0.520
(b) NACA inlet mounted on a flat plate (flow profile) 0.827
(c) NACA inlet mounted on the fuselage at an angle of attack of 2° 0.930
(d) NACA inlet mounted on the fuselage at an angle of attack of 15° 0.633

In the first case (a) without the real flight conditions, the inlet efficiency is 52%. It showed that
a pair of vortices is sucked into the inlet, reducing the inlet efficiency [7]. In the second case (b),
in which flight conditions were imposed upon, the efficiency increased to 83%. This showed the
impact of the inlet conditions on the pressure recovery. The third (c) and fourth (d) case showed the
effect of the angle of attack on the inlet efficiency.
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It can be noticed that at an angle of attack of 0° (cruise condition) the pressure recovery is high-
est at 93%. The efficiency decreases significantly to 63% when the angle of attack in case (c) has
been changed from 2° to 15°. Case (d) showed that a vortex is formed and then sucked into the in-
let causing the pressure recovery to drop [7]. Furthermore, a high angle of attack caused the NACA
ram-air inlet to experience high flow disturbance which resulted in a decrease of pressure recovery.
[7].

Devine et al. (2004)
Devine et al. tried to combine both advantages in a novel design; the insensitivity of the velocity
ratio to the pressure recovery of parallel-walled inlets and the high peak performance of the NACA
ram-air inlet (2004) [23]. It means that the research goal was to improve the simple, easy to man-
ufacture parallel-walled inlet, such that the same low-drag characteristic of NACA ram-air inlet is
being met [23].

In this experiment, the use of vortex generators was applied in order to improve inlet perfor-
mance. This study was done through CFD simulations. The k −ω turbulence model was used in
which two transport equations represents the turbulence quantities of the flow.

Figures 2.6a and 2.6b show the influence of the height and spacing of the vortex generators, re-
spectively. In this paper, the pressure recovery was defined as the ram pressure ratio (RPR). Velocity
ratio (VR) was defined as the ratio of the velocity at the inlet to the freestream velocity. The results
showed that the total pressure of each combination with a vortex generator was significantly higher
compared to the inlet configuration without a vortex generator. The authors believed that the vor-
tices that were generated by the vortex generators located in front of the NACA ram-air inlet, cause
the outer part of the boundary layer to roll up [23]. A higher proportion of high momentum airflow
was forced into the ram-air inlet [23]. The application of vortex generators significantly decreases
the boundary layer thickness, thereby increasing the pressure recovery. The typical improvement in
the pressure recovery from the application of vortex generators was found to lie between 35% and
40%.

(a) Influence of the vortex generator height. The pressure recovery
(RPR) is plotted versus the velocity ratio (VR)

(b) Influence of the vortex generator spacing. The pressure recov-
ery (RPR) is plotted versus the velocity ratio (VR)

Figure 2.6: Influence of design parameters: height and spacing of vortex generators [23]

The lateral spacing of the vortex generators caused an increase in the inlet pressure recovery.
This can be explained by the fact that there is a stronger interaction between the inlet and the vor-
tex generators when the lateral spacing is reduced [23]. The pressure recovery reaches its maximum
and decreases when a vortex is being ingested into the inlet. Another point to be mentioned is, the
shape of the vortex generators does not result in significant differences in performance. One can
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take the advantage of choosing the simplest, cheapest shape to be manufactured as the vortex gen-
erator.

Perez et al. (2006)
The improvement of the inlet performance with the application of vortex generators has been in-
vestigated by Perez (2006) [24]. The pressure recovery of the conventional NACA ram-air inlet has
been compared with the NACA ram-air inlet with the application of vortex generators. The area and
the angle of attack of the vortex generators were varied.

CFD software FLUENT and the Spalart-Allmaras turbulence model have been used with the fol-
lowing boundary conditions: ambient pressure of 72,428 [Pa], a Mach number of 0.31 and a total
temperature of 270.3 [K ].

This research shares similar conclusions about the pressure recovery [7]. Perez found that the
use of vortex generator on the conventional NACA ram-air inlet compared to the clean conventional
NACA ram-air inlet, the maximum relative improvement of the pressure recovery was found to be
58% [24]. The researchers concluded that the vortex generator thins out the boundary layer and thus
improves the pressure recovery [23]. For the configurations with varying angle of attack, it showed
that a stronger interaction between the anti-rotating vertices occurred when the angle of attack of
the vortex generators was increased [24]. The angle of attack of the vortex generator shall equal to
35° in order to achieve the highest gain in inlet performance in terms of pressure recovery. Increas-
ing the area of the vortex generators increases the pressure recovery. However, the application of
vortex generators near the inlets leads to higher drag coefficient.

2.3. COMPARISON NACA RAM-AIR INLET VS. PARALLEL-WALLED INLET
This section presents a comparison between NACA ram-air and parallel-walled inlets.

Mossman conducted an experiment on parallel-walled and NACA ram-air inlets in a 5.33[cm]-
18.80[cm] wind tunnel at Mach numbers between 0.20 and 0.96 (1949) [20].

The author found that the pressure recovery for the parallel-walled inlet decreased significantly
from a Mach number of 0.75. For the NACA ram-air inlet, the pressure recovery decreased signif-
icantly at a higher Mach number of 0.94. Mossman used the shadowgraph method to show that
shockwaves were formed upstream of the inlet, which resulted in thickening of the boundary layer
and thus led to a reduction in pressure recovery [20]. Furthermore, a strong shockwave is able to
cause flow separation, leading to a decrease in pressure recovery [20].

Mossman concluded that the difference between parallel-walled and NACA (and the divergent-
walled) inlets lies in the fact that the interaction of the shockwave with the boundary layer is less
strong for the NACA ram-air inlet compared to the parallel-walled inlet [20]. Due to the three-
dimensional flow of the NACA ram-air inlet, the flow of the NACA wall inlet is thinner than the flow
of the parallel-walled inlet, which is approximated as a two-dimensional flow [20]. Mossman added
that the thinner boundary layer of NACA ram-air inlet is less prone to separate than in the case of
the thicker boundary layer of the parallel-walled inlet at a similar adverse pressure gradient.

The inlet performance of the NACA ram-air inlet, in terms of pressure recovery, is superior com-
pared to the parallel-walled inlet. The value of the highest pressure recovery of the NACA ram-air
inlet is larger than the highest pressure recovery of the parallel-walled air inlet [21]. The advantage of
the parallel-walled inlet is that the pressure recovery is less sensitive to variations of the Mach num-
ber [9]. Furthermore, a parallel-walled inlet has the advantage that it is much easier and cheaper to
manufacture than a NACA ram-air inlet [23].

The parallel-walled inlet has been investigated by improving the inlet performance with vortex
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generators. The goal was to combine both the advantages of the parallel-walled inlet and the NACA
ram-air inlet [23]. Results have shown that the vortex generators thin out the boundary layer [23].
Although the drag coefficient increased, it resulted in an improvement of the pressure recovery. It
must be mentioned that a vortex core deteriorates the pressure recovery. For this thesis, it is im-
portant to inspect the formation of vortices since they affect the performance of the NACA ram-air
inlets.

2.4. AERODYNAMIC BACKGROUND
The main objective of this thesis is to perform an aerodynamic analysis on the NACA ram-air inlet
in which the conventional flap is replaced by a morphing plate. It is useful to indicate its inlet per-
formance using parameters. In this section, the performance parameters that are used in this thesis
are presented.

2.4.1. PRESSURE RECOVERY

The NACA ram-air inlet is designed with the purpose to provide an amount of airflow with minimal
disturbance as possible. Therefore, the inlet must allow the recovery of as much of the total pressure
in the freestream conditions. The inlet performance is commonly characterised by pressure recov-
ery. This is one of the most important performance parameters. The pressure recovery is the ratio
of the inlet ram pressure to the freestream ram pressure. It is defined that the ram pressure is the
difference between the total pressure and the static pressure of the incoming airflow [25].

According to the organisation Engineering Sciences Data Unit ESDU report 80037, the loss in
pressure recovery is composed of two components [26]:

• "The loss associated with flow separations which can occur at the lip for some combinations of
inlet mass flows and lip geometry" [26]

• "The loss associated with the diffuser which results mainly from the boundary-layer growth on
the diffuser walls and the effect of the pressure gradient imposed on it by the flow diffusion" [26]

The sources of pressure losses can be further extended. According to ESDU report 80037, the
efficiency of the inlet is given by Equation 2.1 with the sources of the losses [26]. The assumption is
that the external shape of the inlet does not affect the inlet pressure losses.

η= 1−∆ηl −∆ηd N −∆ηcst −∆ηcs f (2.1)

Where:

∆et al is the efficiency that accounts for the loss in pressure recovery due to flow separation at the
lip [-]

∆et ad is the efficiency that accounts for the loss in pressure recovery without interaction between
the airflow and the diffuser [-]

N is the magnification factor to be applied to δηd to account for the diffuser loss [-]

∆ηcst is the efficiency that accounts for the loss due to the wall of the duct upstream of the diffuser
[-]

∆ηcs f is the efficiency that accounts for the loss due to the wall of the duct downstream of the dif-
fuser [-]
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For the case with an inlet, the pressure recovery is defined as the ratio of ram pressure in the
freestream flow to the ram pressure at the smallest cross-sectional area inside the NACA ram-air
inlet duct, the throat area. The throat area, at which the pressure recovery is calculated, is shown
in Figure 2.7. The throat area is located inside the NACA ram-air inlet. The location and size of the
throat area vary for different configurations and flap designs.

Figure 2.7: Half of the geometry of the NACA ram-air inlet is illustrated. The location of the throat area, at which the
pressure recovery is calculated, is shown in black.

Then the pressure recovery η is calculated as follows, by Equation 2.2.

η= Pt1 −ps0

Pt0 −ps0

(2.2)

Where Pt0 is the total pressure measured in the freestream [Pa], Pt1 is the total pressure mea-
sured at the throat area [Pa], and Ps0 is the static pressure of the freestream [Pa]. Pt1 can be consid-
ered as the total pressure that is recovered inside the inlet.

2.4.2. INLET DRAG

The drag is the second important parameter to define the performance of an inlet. The inlet must
be designed such that the drag is as small as possible. According to the research conducted in 1948
by Mossman and Randall, the inlet drag consists of three components [5]. It is assumed that the
airflow after entering the duct is aligned with the upstream airflow such that there is no momentum
of the outlet air in the direction of the drag. The drag components are listed as follows [5]:

• Loss in the momentum of the entering air at the duct entrance

• Momentum of entering air (ram drag)

• Loss in the momentum behind the duct (profile drag)

The inlet drag for submerged inlets is calculated by using Equation 2.3.

D =
∫

˙ment (u0 −uent )d Aent +
∫

˙ment uent d Aent +
∫

˙ma f t (u0 −ua f t )d Aa f t (2.3)

Where ṁ is the mass flow rate per unit area [kg /(s ·m2)], u is the velocity [m/s], A is the area
[m2], subscript 0 is the freestream, ent is the duct entrance, and aft is the duct outlet.
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2.4.3. MASS FLOW RATIO

The mass flow rate that is ingested by an inlet can be utilised to measure the inlet performance [27].
This is usually expressed as the ratio of the mass flow rate that is ingested by the inlet to the mass
flow rate of the incoming flow. For auxiliary inlets, the mass flow ratio is defined by mass flow rate
ṁ1 that is ingested by the inlet through the inlet throat area A1 to the mass flow in the incoming
flow through a streamtube of the equivalent cross-sectional A1. The inlet mass flow ratio is then
calculated by Equation 2.4 [27].

mass flow ratio = ṁ1

ṁ0
= ρ1 A1V1

ρ0 A0V0
(2.4)

Where ṁ is the mass flow rate [kg /s], u is the flow velocity [m/s], A is the area [m2]. Subscripts 0,
and 1 denotes the station that is located upstream of the inlet in the freestream flow and the station
that is located at the inlet throat, respectively. These two indicated stations are illustrated in Figure
2.8.

Figure 2.8: Inlet geometry with the entry streamtube [27]

The dividing streamline is also shown in Figure 2.8, retrieved from Report ESDU no.03006, which
defines the upper boundary of the streamtube upstream of the inlet duct entrance plane. The height
of the dividing streamline is an important parameter on the entry streamtube. Figures 2.9a and 2.9b
show the velocity profiles at station 0 with entry streamtube and the dividing streamline for mass
flow ratios of 0.8 and 0.2.

(a) Mass flow ratio ṁ1
ṁ0

= 0.8 (b) Mass flow ratio ṁ1
ṁ0

= 0.2

Figure 2.9: The effect of the mass flow ratio on the entry streamtube and dividing streamline [26]

In Figure 2.9a, for mass flow ratio of 0.8, the height of the dividing streamline above the surface
of station 0 lies at a certain distance from the surface. As the mass flow ratio decreases from 0.8
to 0.2, the height of the streamtube and thus the cross-sectional area at station 0 also decrease as
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shown in Figure 2.9b. When the velocity profile remains the same for both mass flow ratios, the entry
streamtube for mass flow ratio of 0.2 contains a higher proportion of low energetic (slow-moving)
airflow.

2.4.4. PRESSURE COEFFICIENT

The pressure coefficient Cp is a dimensionless number to express the relative pressures in a flow
field. This index is useful to show the differences in pressure in the flow field around the two closure
flap designs. The pressure coefficient is calculated using Equation 2.5 [28].

Cp = p −p∞
1/2ρV 2∞

(2.5)

Where p is the static pressure [Pa], p∞ is the freestream static pressure [Pa], ρ is the density
[kg /m3], and V∞ is the freestream velocity [m/s].

2.4.5. BOUNDARY LAYER THEORY

From the literature study, it was found that the inlet performance of the NACA ram-air inlet is in-
fluenced by the boundary layer. The boundary layer is a thin region of a viscous fluid in which the
viscous effects are important. The boundary layer is adjacent to the surface of a solid body, which is
in contact with the moving fluid [28]. Figure 2.10 illustrates the different parts of the flow.

Figure 2.10: The two different regions, thin and thick boundary layer, around a solid body [28]

In this thesis, low-energetic air is pushed away from the NACA duct entrance due to the presence
of a part of vortices such that high-energetic air is ingested by the NACA ram-air inlet. Although the
height of the boundary layer around an aircraft is relatively small, the height of the boundary layer
compared to the duct height of the inlet is significantly large.

The characteristics of the boundary layer depend on the Reynolds number. In order to calculate
the Reynolds number, the dynamic viscosity needs to be determined first. The dynamic viscosity µ

is a function of the total temperature and is given by Sutherland’s law in Equation 2.6 [29].

µ=µr e f

(
T

Tr e f

)3/2 Tr e f +S

T +S
(2.6)

Where T is the absolute total temperature in [K ], µr e f is the viscosity 1.716e-5 [kg /ms], Tr e f is
the reference temperature of 273.15 [K ], and S is the Sutherland reference temperature 110.4 [K ].

The Reynolds number can then be calculated using Equation 2.7 [28].

Re = ρux

µ
(2.7)
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Where ρ is the density [kg /m3], u is the freestream velocity [m/s], x is the characteristic length
[m], and µ is the dynamic viscosity [kg /(ms)].

The boundary layer is mathematically defined as the distance as one moves away from the wall
of the solid body to this outer edge layer where the velocity equals 0.99 ·uinf [28]. The height of the
boundary layer can be estimated by the Blasius’ solution in which it assumes that the pressure in the
boundary layer is constant through the height of the boundary layer. The boundary layer thickness
δ of a turbulent boundary layer on a flat plate is approximated by Equation 2.8.

δ= 0.37x

Re1/5
x

(2.8)

Where x is the length of the plate and Re is the Reynolds number.

2.4.6. CHOKED FLOW

Since the NACA ram-air inlet possesses a constriction inside the duct channel, downstream of the
lip, the NACA ram-air inlet can be considered similar to a convergent-divergent nozzle. The mass
flow rate that can be ingested by the NACA ram-air inlet can be limited by certain flow conditions.
The condition at which the flow is sonic, the mass flow rate will not increase whilst the backpressure
downstream of the throat increases. This is called the choked condition [28]. In this condition, the
mass flow rate remains constant when the backpressure is increased. This particular mass flow rate
for the choked condition will be avoided in the NACA ram-air inlet.

In order to calculate the mass flow rate at which the flow is choked, the continuity equation is
rewritten as follows in Equation 2.9.

ṁ = ρAu (2.9)

The velocity u in Equation 2.9 can be expressed as a function of the speed of sound to take into
account the compressibility effects, resulting in Equation 2.10:

ṁ = ρA M
√

γRT (2.10)

Where ρ is the density [kg /m3], A is the area [m2], M is the Mach number, γ is the ratio of spe-
cific heats of air, R is the specific gas constant, and T is the temperature.

The driving fluid in CFD is air and it is assumed to be an ideal gas, from the equation of state the
density is expressed in Equation 2.11:

ρ = P

RT
(2.11)

By substituting the density from the equation of state of Equation 2.11 into Equation 2.12.

ṁ = P

RT
A M

√
γRT (2.12)

The isentropic relation of the static and total pressure is given by Equation 2.13 :

P

Pt
=

(
T

Tt

) γ

γ−1

(2.13)

Substituting the isentropic relation of the pressure in Equation 2.13 into Equation 2.12 yields:
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ṁ = Pt

(
T

Tt

) γ

γ−1 1

RT
AM

√
γRT (2.14)

By rearranging Equation 2.15 yields the following equation:

ṁ = Ptp
Tt

√
γ

R
AM

(
T

Tt

) (γ+1)
2(γ−1)

(2.15)

The isentropic relation of the static and total temperature is given by Equation 2.16.

T

Tt
=

(
1+ γ−1

2
M 2

)−1

(2.16)

Then, substituting Equations 2.16 into Equation 2.15 gives the equation to calculate the mass
flow rate:

ṁ = Ptp
Tt

√
γ

R
AM

(
1+ γ−1

2
M 2

) −(γ+1)
2(γ−1)

(2.17)

The choked mass flow rate, at which the sonic condition Mach=1 is reached, can be calculated
using Equation 2.18:

ṁchoked = Ptp
Tt

√
γ

R
Athr oat

(
1+ γ−1

2

) −(γ+1)
2(γ−1)

(2.18)

Equation 2.18 was used to determine the mass flow rate at which the flow is choked at the throat
for different configurations. This value was calculated and used as the upper limit of the mass flow
outlet in the CFD simulations. The range of mass flow rates that were analysed for each configura-
tion has a maximum value of 80% of the choked mass flow rate.

2.4.7. TURBULENCE QUANTITIES

For the setup of the CFD simulation in Ansys Fluent, setting up appropriate boundary conditions
is a very important step [30]. It can severely affect the performance of the CFD simulation. Several
turbulence quantities were required to be specified in Ansys Fluent. If possible, those quantities
are preferably obtained from experiments. The calculations that are required for determining the
turbulence quantities are presented in this Subsection.

Turbulence length scale
The physical size of the large eddies that contains the turbulence kinetic energy is defined by the
turbulence length scale l . The turbulence length scale for Fluent can be estimated with Equation
2.19 [31].

ltur bulent = 0.07L (2.19)

Where L is the characteristic length [m]. The characteristic length L is limited due to the size of
a ducted channel. For the NACA ram-air, the length of the NACA S-shaped contour parallel with the
freestream direction determines the size of the vortices that are generated by the sharp edges of the
NACA ram-air inlet.

Turbulence intensity
Another parameter that is required for the setup of the CFD simulation in Fluent is the turbulence
intensity. The turbulence intensity is defined as the ratio of the velocity fluctuation over the root
mean square of the velocity vector [32]. A turbulence intensity above 0.10 is considered to be high.
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The turbulence intensity is a function of the Reynolds number and can be estimated using Equation
2.20 [33].

Ii nter nal = 0.16Re−1/8 (2.20)

Where Re is the Reynolds number.

Turbulent kinetic energy
Once the turbulence intensity has been calculated from Equation 2.20 the initial value of turbulent
kinetic energy k can be determined. The turbulent kinetic energy is defined as the kinetic energy
per unit mass of the turbulent velocity fluctuations of the flow.

k = 3

2
(U I )2 (2.21)

Where I is the turbulence intensity found in Equation 2.20 and U is the freestream velocity
[m/s].

Turbulent dissipation rate
The specific turbulent dissipation rate ω is calculated using Equation 2.22 [31].

ω=
p

k

Cµl
(2.22)

Where Cµ is a constant of 0.09, k is the turbulent kinetic energy [J/kg ] and l is the turbulent
length scale [m].





3
METHODOLOGY

Since the goal of this thesis is to analyse the aerodynamic effects of the NACA ram-air inlet by replac-
ing the conventional closure flap mechanism with a hinged flap by a morphing flap through CFD
simulations, the methodology to prepare and execute CFD analysis will be explained in this chapter.
First of all, the use of numerical modelling will be explained in Section 3.1. Then the software pack-
ages that were used are discussed in Section 3.2. The physical model of the aircraft component, the
NACA ram-air inlet, was required to be modelled into a computational model. The measurements
of the dimensions of the NACA ram-air inlet and the definitions of the NACA ram-air inlet parts
are explained in Section 3.3. The test cases that were simulated in CFD and the Computer-Aided
Design (CAD) geometry models of different configurations that were created will be explained in
Section 3.4. This is followed by Section 3.5 in which the definitions of the main mesh attributes
are stated. The computational domains and operating conditions were required to be determined,
which are discussed in Section 3.6.

3.1. NUMERICAL MODELLING
Simulations in Computational Fluid Dynamics were performed in the thesis project to analyse the
NACA ram-air inlet with a single morphing flap. CFD is extensively used in the research and de-
velopment departments of industrial companies to analyse and design engineering applications
with fluids. The fluid physics are numerically solved in CFD [34]. In order to conduct CFD simula-
tions, the governing equations which define the fluid physics need to be understood. The governing
equations of CFD are explained in Subsection 3.1.1. This is followed by Subsection 3.1.2 in which
the turbulence modelling by applying the Reynolds decomposition to the governing equations is
discussed.

3.1.1. GOVERNING EQUATIONS

Turbulence is described by a mathematical model, the set of governing equations of fluid dynamics
along with its boundary conditions [35]. The motion of a viscous fluid is governed by three basic
laws of mass, momentum and energy [35]. Each physical principle is stated below.

• Conservation of Mass

• Conservation of Momentum

• Conservation of Energy

23
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The mathematical representations of the three laws of conservation are the continuity equation, the
momentum equation, and the energy equation. These three equations are known as the complete
Navier-Stokes equations. Each mathematical model corresponding to the conservation law is de-
scribed briefly.

CONSERVATION OF MASS

The conservation of mass states that mass cannot be created or destroyed in a closed system. The
total mass remains constant. The equation for the continuity equation is shown in Equation 3.1
[36].

∂ρ

∂t
+∇· (ρV⃗ ) = 0 (3.1)

CONSERVATION OF MOMENTUM

The conservation of momentum follows from Newton’s second law, which states that in a closed
system the change of momentum in a fluid is equal to the sum of the forces acting on it. Two types
of forces are distinguished for a fluid, the surface forces and the body forces [35]. The momentum
equations in Cartesian coordinates are shown in Equations 3.2, 3.3, and 3.4 [36].

∂ρu

∂t
+∇· (ρuV⃗ ) =−∂p

∂x
+ ∂τxx

∂x
+ ∂τy x

∂y
+ ∂τzx

∂z
+ρ fx (3.2)

∂ρv

∂t
+∇· (ρvV⃗ ) =−∂p

∂y
+ ∂τx y

∂x
+ ∂τy y

∂y
+ ∂τz y

∂z
+ρ fy (3.3)

∂ρw

∂t
+∇· (ρwV⃗ ) =−∂p

∂z
+ ∂τxz

∂x
+ ∂τy z

∂y
+ ∂τzz

∂z
+ρ fz (3.4)

CONSERVATION OF ENERGY

The conservation of energy states that energy in a closed system cannot be created or destroyed.
The rate of change of the energy of the fluid is equal to the sum of the work done by the fluid and
the heat added to the fluid, this is dictated in Equation 3.5 [36].

∂

∂t

[
ρ

(
e + V 2

2

)]
+∇·

[
ρ

(
e + V 2

2

)
V⃗

]
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k
∂T
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∂z

(
k
∂T
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)
+

− ∂(up)

∂x
− ∂(v p)

∂y
− ∂(w p)

∂z

+ ∂(uτxx )

∂x
+ ∂(uτy x )

∂y
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+ ∂(vτx y )

∂x
+ ∂(vτy y )

∂y
+ ∂(vτz y )

∂z

+ ∂(wτxz )

∂x
+ ∂(wτy z )

∂y
+ ∂(wτzz )

∂z

+ρ f⃗ · V⃗

(3.5)
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3.1.2. TURBULENCE MODELLING

A method to solve the Navier-Stokes equations is the Direct Numerical Simulation (DNS) [35]. All
turbulence length scales are simulated in DNS. The high Reynolds number of the NACA ram-air
inlet makes DNS simulations not suitable. An aircraft operates in the flow regime with a Reynolds
number in the order of 106. The limitation of this method is that the computational cost to cap-
ture all turbulence motions around the NACA ram-air inlet is too high. The temporal and spatial
requirements are the limiting factors of DNS [37]. Large Eddy Simulation (LES) overcomes the lim-
itations of DNS [35]. When a high Reynolds number and complex geometry are the limiting factors
for the application of DNS, Large Eddy Simulation (LES) can be used. LES is less costly than DNS
since it does not simulate the small-scale structures. Another method to calculate viscous flows is
the Reynolds-averaged Navier-Stokes (RANS) equations. RANS simulations are less expensive than
LES simulations. For this thesis, the CFD simulations were performed in RANS.

In order to solve the Navier-Stokes equations, the RANS equations are used to describe turbulent
flow in this thesis. The main principle of RANS is to decompose a flow variable into a time-averaged
value and the fluctuating value, this is called the Reynolds decomposition [34]. The Reynolds de-
composition is defined as follows [35]:

u(xi , t ) = ū(xi , t )+u′(xi , t ) (3.6)

Where u is the flow parameter, ū is the time-averaged value of the flow parameter, u′ is the fluc-
tuating quantity of the flow parameter.

The Reynolds decomposition is applied to the Navier-Stokes equations, which leads to the RANS
equations shown in Equation 3.7 and 3.8 [38].
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∇·u = 0 (3.8)

The Reynolds stress tensor arises on the right side of Equation 3.7 after the Reynolds decom-
position has been applied to the Navier-Stokes equations. The Reynolds stress tensor is shown in
Equation 3.9.

τi j ≡−
〈

u′
i u′

j

〉
(3.9)

The Reynolds stress tensor is a non-linear term and it introduces a new problem where the num-
ber of unknowns is more than the set of equations [38]. Due to the introduction of the Reynolds
stress tensor shown in Equation 3.9, the RANS equations are not a closed set. Therefore, additional
equations that represent the turbulent properties of the flow, are required for the Reynolds stress
tensor to solve the closure problem [34]. These approximations for the Reynolds stress tensor are
known as the turbulence models.

TURBULENCE MODELS

It is required to choose a turbulence model for the RANS simulations. There exists a large number
of turbulence models. It is important to know the advantages and limitations of each turbulence
model. The commonly used turbulence models k − ϵ, k −ω, and k −ωSST will be discussed. First,
the turbulence models k − ϵ and k −ω will be explained, and it will eventually lead to the Menter’s
SST model that was used for the CFD simulations.
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k − ϵ model The k − ϵ model is a widely used turbulence model [32] [39]. In this model, partial
differential equations for the turbulence kinetic energy k and the dissipation rate ϵ are solved. It is
assumed that there exists an equilibrium between turbulence production and dissipation [38]. The
model is suitable for external aerodynamic problems. It should not be used on flows with strong
adverse pressure gradients, strong curvature and flow separation [32].

k −ω model k −ω model is also commonly used turbulence model. It is a two-equation model in
which the turbulence kinetic energy k and the postulated transport equation for the specific turbu-
lence dissipation rate ω are solved in this model. The model gives good results for boundary layer
flows and flows with pressure gradients and separation [23] [38]. The model is very sensitive to in-
flow and freestream boundary conditions [38]. For this reason, the k −ϵ turbulence model is better
than the k −ω turbulence model for external aerodynamics.

Menter SST model The Menter Shear Stress Transport (SST) combines the advantages of the two
turbulence models k−ϵ and k−ω [32] [40]. This model uses the k−ϵ in the freestream flow, far from
the no-slip boundaries and switches to the k −ω model in the inner parts of the boundary layer.
This avoids the problem with the k−ω model, which is sensitive to inflow and freestream boundary
conditions [40]. The SST turbulence model was used in the study of Menon on NACA ram-air inlets
since SST model provides good results for critical areas like the boundary layer: adverse pressure
gradients near the walls of the NACA inlets were expected [41].

The Menter k −ωSST turbulence model was used for the steady-state CFD simulations of this
thesis project. For the aerodynamic analysis of the NACA ram-air inlet, it is important to capture
the boundary layer accurately since the boundary layer flow around the NACA ram-air inlet affects
the inlet performance. This will be formulated by the k −ω model of the SST model, which is more
superior in the boundary layer than the k − ϵ model [40]. The k − ϵ formulation will be used in the
free-shear layers and outer boundary layer regions, eliminating the problem with the free shear flow
boundary conditions of the k −ω model [42]. The shear stress transport correction of the k −ωSST
model improves the prediction of flow separation due to adverse pressure gradients [42]. The flow
field around the geometry of the NACA ram-air inlet, especially around the lip and inside the NACA
ram-air tunnel at the throat area is very complex and will benefit from this accuracy advantage.

3.2. SOFTWARE
For this thesis, several software packages are required for the pre-processing, processing and post-
processing of CFD simulations. The first step of a CFD problem is to create a CAD geometry and the
computational domain of the physical model. This was done by creating different geometries in the
CAD software CATIA. The geometry of the NACA ram-air inlet in CATIA was modelled such that the
hinged flap and the morphing flap will change its shape due to actuator extension. ANSYS Design-
Modeler was used in order to apply small modifications to the geometry such that the geometries
were clean solids [30].

After the geometries were created, the following step was to generate a mesh for each geometry.
The generation of meshes is an important step in CFD since it splits the physical domain into a finite
number of discrete volumes. ANSYS Meshing, which is a mesh analysis software tool integrated in
ANSYS CFX, was used for the meshing [30]. In the pre-processing part of CFD, the generated meshes
were imported into the solver ANSYS Fluent in which the CFD problem was solved [30]. The solver
parameters and boundary conditions were required to be set up in order to solve the CFD problem.
After the solver has completed the simulation, the succeeding step is the post-processing of the CFD
results which are assessed and post-processed in Tecplot 360 [43].
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3.3. GEOMETRY OF NACA RAM-AIR INLET

This section provides a full description of the geometry that is simulated using CFD software. The
NACA ram-air inlet is geometry studied in this master thesis. No information of the lip shape and
dimensions of the inlet has been given by the manufacturer or could be found on the internet, but
a used NACA ram-air inlet of an Airbus A320 by Airbus has been provided for research purposes.
Figure 3.1 shows the side view of the real NACA ram-air inlet.

Figure 3.1: Side view of the NACA ram-air inlet of the Airbus A320. The flow direction is indicated with red arrows.

Figure 3.2 shows the isometric view of the real NACA ram-air inlet with the hinged line indicated
by the red box. The original hinged flap is located inside the NACA ram-air inlet and is attached
to the ram-air inlet at the hinged line with countersunk bolts. Figure 3.3 shows the water injector
inside the NACA ram-air inlet. The water ejector sprays water in the ram-air inlet system in order to
increase the cooling efficiency of the ram-air [44].

Figure 3.2: Isometric view of the NACA ram-air inlet of the Airbus A320
with the location of the ’axis of rotation’ indicated by the red box.

Figure 3.3: The water injector inside the NACA
ram-air inlet of the Airbus A320 [3]

The dimensions of the NACA ram-air inlet were obtained by measurement using simple mea-
surement tools such as a measuring tape and a calliper. The calliper was used to measure the di-
mensions of the lip of the inlet accurately. The recorded dimensions of the NACA ram-air inlet can
be found in Appendix A.

Each part of the NACA ram-air inlet needs to be defined. Figures 3.4 and 3.5 show the inlet part
names of the isometric, top and side view of the NACA ram-air inlet, respectively. Figure 3.5 shows
the location of the ’axis of rotation’ which is defined as the hinge line at which the closure flap ro-
tates due to deflection of the actuator.
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Figure 3.4: Isometric view of the NACA ram-air inlet with
definitions

Figure 3.5: Top view of the NACA ram-air inlet with defini-
tions

Figure 3.6 shows the side view of the NACA ram-air inlet. The original hinged flap or the morph-
ing flap is located in the NACA ram-air inlet and it is attached to the ram-air inlet at the hinged line
with countersunk bolts. For clarity, the term ’axis of rotation of the flap’ and ’rotation point of the
flap’ will be used to indicate this hinge line. The throat area is defined as the smallest cross-sectional
area inside the NACA ram-air inlet duct. The throat area varies due to the deflection of the actuator
that determines the opening sizes of different configurations.

Figure 3.6: Side view of the NACA ram-air inlet with definitions

In addition to Figure 3.6, Figure 3.7 presents the side view of the NACA ram-air inlet with the
hinged flap. It shows the definitions of the two kinks on the hinged flap. One kink is located in the
middle of the first rigid plate, called Kink no.1. The second kink is located at the hinge between the
rigid plates of the conventional closure flap, called Kink no.2. The red/black arrow illustrates the
movement of the flap due to the deflection of the actuator. The opening is defined as the minimal
distance between the lip and the closure flap, which is controlled by the deflection of the actuator.
When the closure flap is deflected upwards from the current position coloured in black to its new
position coloured in red, the opening/throat reduces its size. For the case with a morphing flap,
Kink no.1 and Kink no.2 are not present since the kinks are smoothed out by the morphing plate.

Figure 3.7: Side view of the NACA ram-air inlet with the deflected state of the conventional closure flap
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After the dimensions of the NACA ram-air inlet were determined, the dimensions were used
to create the CAD models of the NACA ram-air inlet. However, an extra step was required since the
CAD models were not fully constrained and were also determined on different flap designs and con-
figurations. This will be explained in the next section.

3.4. TEST CASES

The effects of the closing flap mechanism on the aerodynamic performance of the NACA ram-air
inlet have not been researched yet, therefore a number of configurations were tested and analysed
at different operating settings. Since no information on the flap deflection and operating settings
were given by the manufacturer of the NACA ram-air inlet, assumptions were made. This section
discusses the three aspects in which the test cases were varied: the flap designs, the configurations,
and the mass flow rates.

3.4.1. HINGED AND MORPHING FLAPS

The goal of this thesis project is to analyse and identify the performance of the NACA ram-air inlet by
replacing the conventional closure flap mechanism with hinged flap by a morphing (laminate) flap.
The conventional hinged flap design is the baseline model, whereas the morphing flap is proposed
as the new model, meaning that two different sets (of configurations) of flap designs were analysed.
The two flap designs are illustrated in Figure 3.8.

Figure 3.8: Hinged flap (conventional design), consisting of two rigid plates (attachment strip with holes not included),
is illustrated on the left side. Morphing flap (novel design) is illustrated in black on the right side. The flaps are attached
with countersunk bolts to the NACA ram-air inlet at the ’axis of rotation’. - Courtesy of R.Vos
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The ’old’ and ’new’ flap designs are summarised as follows:

• Hinged flap cases: For the case that has the rigid hinged flap (conventional) as the closing
flap mechanism inside the NACA ram-air inlet, the rigid plates were modelled in CATIA with
kinematics in order to deflect the hinged flap as result of the movement of the actuator. Var-
ious configurations with different openings can be analysed. The described hinged flap is
illustrated on the left in Figure 3.8.

• Morphing flap cases: For the case that has the morphing flap as the closing flap mechanism
inside the NACA ram-air inlet, the real NACA ram-air inlet without the flap mechanism was
modelled in CATIA. Since three configurations for both hinged and morphing designs were
planned to be analysed the curve of the laminates with its corresponding deflection has been
acquired from experimental bending tests. The morphing (laminate) flap is illustrated on the
right in Figure 3.8.

3.4.2. CONFIGURATIONS

The configurations are the second aspect in which the test cases were varied. For the (near) closed
condition for the cruise condition, the hinged flap was matched with the trace lines due to wear
inside the NACA ram-air inlet in order to determine the opening between the rigid plate and the
lip/inlet ceiling. The distance was measured to be 15 [mm]. The open condition was more straight
forward. The actuator of the rigid plate was fully retracted from the lip/inlet ceiling and the opening
was measured to equal 95 [mm]. The midway condition is in the middle of the closed and open
condition. This equals to an opening of 55 [mm]. The three configurations are summarised as
follows in Table 3.1:

Table 3.1: The three configurations of the NACA ram-air inlet in which the opening size at the throat was varied

Configuration Description Opening at throat section [mm]

1 (closed) 15
2 (midway) 55
3 (open) 95

For the hinged flap, the kinematics were created in CATIA such that the flap moves to its desired
opening position. For the morphing flap, shown in Figure 3.9, the flap was mounted to the ’axis of
rotation’, indicated in Figure 3.2.

Figure 3.9: Morphing (laminate) flap. The morphing flap is attached with countersunk bolts to the NACA ram-air inlet at
the ’axis of rotation’

The morphing flap was deflected by using an actuator such that the shape of the morphing flap
will be reshaped, resulting in a change of the opening size inside the NACA ram-air inlet. The curves
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of the morphing flap for the three different configurations were acquired from bending tests and are
shown in Figure 3.10 [3].

Figure 3.10: The three different shapes of the morphing flap due to deflection

The different configurations with morphing flaps were created in CATIA. The curve was ex-
tended with a spline to the end of the NACA ram-air inlet, where the heat exchangers of the ECS
are located, with the goal to make the geometry continuous and suitable for CFD simulations.

CAD models
Based on the measurement of the dimensions of the NACA ram-air inlet in Section 3.3 and the infor-
mation on the flap designs and the configurations explained earlier in this Section, the geometries
were created. Both hinged and morphing flap designs for all three configurations were created in
CATIA, meaning a total of six geometrically different CAD models were generated for this thesis.
Figures 3.11, 3.12, and 3.13 presents the comparison of hinged and morphing flaps of configura-
tions 1, 2, 3, respectively. The fuselage skin, on which the NACA ram-air inlet is attached to, was
modelled as a flat plate for simplicity. Only the geometry around the NACA ram-air inlet is shown.
The actual CAD model in CATIA is much larger in size. This will be explained in Subsection 3.6 on
boundary conditions and computational domain. The dimensions of the geometry away from the
NACA ram-air inlet are identical, therefore only the close-up of the NACA ram-air inlet is displayed.
In Figure 3.11, Configuration 1 with an opening of 15 [mm] with hinged flap and morphing flap are
presented.

Figure 3.11: Close-up of the NACA ram-air inlet. Top: Configuration 1 with an opening of 15 [mm], with hinged flap.
Bottom: Configuration 1 with an opening of 15 [mm], with morphing flap.
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It can be seen from the top part of Figure 3.11 that the NACA ram-air inlet with hinged flap
shows a very pronounced kink on the closure flap, beneath the NACA ram-air lip. This kink, Kink
no.2, has been proven to be the source for an undesired aerodynamic effect that triggers the onset of
flow separation and thus pressure losses [3]. Furthermore, when looking closely to the image of the
NACA ram-air inlet with hinged flap, one can see that there are two more kinks in the geometry. The
first one is located slightly upstream of the hinged flap, midway of the first rigid flap plate. This was
indicated as Kink no.1. Another kink is located at the ’rotation point’ at which the flap is mounted
to the NACA ram-air inlet. Moreover, it can be seen that the throat area in the configuration with
the morphing flap is moved more downstream in the duct. In this configuration, the morphing flap
comes in contact with the water injector that is located inside of the NACA ram-air inlet, previously
shown in Figure 3.3. The water injector restricts the movement of the morphing flap in this config-
uration, causing the throat area to be moved more downstream.

In Figure 3.12, Configuration 2 with an opening of 55 [mm] with hinged flap and morphing flap
are presented.

Figure 3.12: Close-up of the NACA ram-air inlet. Top: Configuration 2 with an opening of 55 [mm], with hinged flap.
Bottom: Configuration 2 with an opening of 55 [mm], with morphing flap.

From the observation of the top part of Figure 3.12, it can be seen that Kink no.2 between the
rigid plates is hardly present for this flap deflection. For this particular flap deflection, Configura-
tion 2 with an opening of 55 [mm] with hinged flap does not introduce a sharp kink at Kink no.2.
By looking at the bottom part of Figure 3.12, Kink no.1 and Kink no.2 have been eliminated in the
morphing flap as expected. Furthermore, the geometry of the morphing flap around the ’rotation
point of the flap’ is very smooth.
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In Figure 3.13, Configuration 3 with an opening of 95 [mm] with hinged flap and morphing flap
are presented.

Figure 3.13: Close-up of the NACA ram-air inlet. Top: Configuration 3 with an opening of 95 [mm], with hinged flap.
Bottom: Configuration 3 with an opening of 95 [mm], with morphing flap.

From Figure 3.13 it can be seen that a strong kink between the rigid hinged plates is present in
the hinged flap case, indicated as Kink no.1. This is a concave kink, whereas Kink no.2 between the
rigid hinged plates for Configuration 3 is a convex kink. The kink at the ’rotation point of the flap’ is
also rather strong. In the morphing case, Kink no.1 and Kink no.2 are eliminated and smoothed out.
Furthermore, a subtle kink is located at the ’rotation point of the flap’.

3.4.3. MASS FLOW RATES

In order to analyse the aerodynamic performance of the NACA ram-air inlet with two different flap
design and three different configurations, a number of mass flow rates for the mass flow outlet were
selected to be analysed. Since the opening size of each configuration varies, the choked mass flow
rates are different. For the practical reason, the assumption is that the mass flow rates were cho-
sen such that the choked conditions at the throat section of the NACA ram-air inlet has not been
reached. The mass flow rates of each configuration that were simulated are summarised in Table
3.2:

Table 3.2: Mass flow rates of each Configuration

Configuration Mass flow rate [kg/s] Mass flow rate range [kg/s]

1 0.025 0.050 - 0.400 with a step size of 0.050
2 0.100 0.250 - 1.500 with a step size of 0.250
3 0.100 0.500 - 2.500 with a step size of 0.500
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3.5. MESH

Once the CAD models were created in CATIA and modified in AnsysModeler, the next step was to
generate a set of meshes. The mesh generation was done by using ANSYS Meshing. In this section,
the approach for the meshing will be presented.

In ANSYS Meshing, the setting for the global cell size covers much of the mesh regions where
no meshing rules are imposed on. This means that any mesh rule that is linked with a cell size will
be equal or less to the global cell size. The mesh that was used for the CFD simulations is a hybrid
grid: both structured and unstructured portions are combined into one single mesh. In general,
the mesh generation followed the unstructured meshing approach for most regions of the domain
due to the complexity of the CAD model. A very complex part is the transition between the NACA
ram-air lip and the ramp walls. This resulted in a very skewed part of the geometry.

Figure 3.14a shows the isometric view of the entire mesh domain. For the unstructured mesh,
a cell size (smaller than the global cell size) is chosen in regions where high flow gradients are ex-
pected. Figure 3.14b zooms in onto the vicinity of the NACA ram-air inlet in which small cells can
be seen. It is expected that vortices are generated around the sharp edge of the NACA ram-air inlet
and the NACA ram-air lip. Therefore, a local refinement around the edge of the NACA ram-air inlet
was required. This step was done by specifying a body of influence in order to control local mesh
refinement. Any region that overlaps with the body of influence will obtain the specified cell size.
In Figure 3.14b, a body of influence along the fuselage in the vicinity of the NACA ram-air inlet was
placed. This is illustrated as a ’tube’ with very small cells. Furthermore, due to the neighbouring
walls inside the NACA ram-air inlet, the location of the small cross-sectional area inside the NACA
ram-air inlet (throat area) required a local refinement by using a body of influence. Moreover, a local
refinement was applied to the duct downstream of the NACA ram-air inlet since it is expected that
the vortices will affect on the flow that is being ingested by the NACA ram-air inlet.

(a) Isometric view of the full domain of the mesh. The
mesh is divided into two parts: structured part (top)
and an unstructured part (bottom)

(b) Zoomed in on the NACA ram-air inlet

Figure 3.14: Mesh of the NACA ram-air inlet model that is used for the CFD simulations

The top part of the mesh shown in 3.14b contains a structured mesh. The choice of applying a
structured mesh in this region is explained as follows. It is expected that the airflow far from the ob-
ject of interest is undisturbed. Structured grids that are aligned with the flow leads to more accurate
results. A structured mesh does not require a large computational memory of storing the irregular
data structure since a structured mesh has easy mesh connectivity of the nodes and the elements.
This leads to easy data management.
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The mesh on the surface of the NACA ram-air lip is shown in Figure 3.15. A mapped mesh
method was used to generate the mesh on the surface of the lip region since this is a critical re-
gion of the flow field. The number of divisions in the direction of the width of the inlet and the
direction along the lip can be specified and controlled more easily for the grid independence study.

Figure 3.15: Mapped mesh around the lip area of the NACA ram-air inlet

The mesh adjacent to the walls, in the normal direction of the wall surface, required a special
form of meshing. According to Versteeg and Malalasekera, the turbulent boundary layer is divided
into two layers: the inner layer and the outer layer [34]. The inner layer is subdivided into three
layers: the viscous sublayer that is close to the wall, the buffer layer and the low-law region. There
are two methods to solve the near-wall region of a turbulent boundary layer [45]. The first method is
to model the turbulence of the near-wall region to the grid wall. The modelling is done by empirical
relations called wall functions. This method applies to high Reynolds number models such as the
k −ϵ turbulence model. The second method is to resolve the turbulence up to the viscous sublayer
near the grid wall. This applies to low Reynolds number models such as the k −ω and the k −ω SST
turbulence models.

The inflation layer is a type of structured grid in which the first cell layer is located adjacent to a
grid wall or a no-slip boundary. The height of each succeeding cell layer increases with a growth rate
until the last cell layer of the inflation layer is generated. The entire inflation layer must be located
in the viscous sublayer in order to predict the boundary layer accurately. An important aspect is
that the first cell layer is located in the viscous sublayer. An important parameter to determine the
first cell layer is the dimensionless wall distance y+, also known as ’y plus’ [46]. The y+ is required
to ensure that the first point of the grid is located in the viscous sublayer.

This is used in CFD in order to model the influence of the Reynold stress tensor near the domain
walls, depending on the type of turbulence model. The k−ω SST turbulence model requires that the
first layer height is estimated to have a y+ value of 1 for the first cell layer. The value y+ is defined
in Equation 3.10 [34].

y+ ≡ u∗y

ν
(3.10)

Where ust ar is the friction velocity [m/s], y is the physical wall distance [m], and ν is the kine-
matic viscosity [m2/s].

Equation 3.11 is defined as the friction velocity u∗ [34].
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u∗ =
√

τw

ρ
(3.11)

Where τw is the wall shear stress [Pa], and ρ is the density of air at the wall [kg /m3].

Rearranging Equation 3.10 for first layer height y yields:

y ≡ y+ν
u∗

(3.12)

The wall stress stress is calculated with Equation 3.13:

τw =C f
1

2
ρU 2

∞ (3.13)

Where C f is the local skin friction coefficient, ρ is the density of air at the wall [kg /m3], and U∞
is the freestream velocity of the fluid medium [m/s].

For a turbulent flow along a flat plate, the skin friction coefficient C f can be estimated with
Equation 3.14 [47].

C f =
0.027

Re1/7
(3.14)

Where Re is the Reynolds number.

An inflation layer with the required first cell layer thickness that satisfied a y+ value of 1 was
applied to the mesh of the fuselage wall and the physical walls of the NACA ram-air inlet. Figure
3.16 shows the mesh around the location at which the ambient air is ingested by the NACA ram-air
inlet.

Figure 3.16: An inflation layer around the ramp, the lip and inside the tunnel is shown. The inflation layer is applied
around all physical walls of the geometrical model.

The inflation layer around the lip can be seen on the right of Figure 3.16. The inflation cannot
reach its full specific height at every location. A mode called Collision Avoidance is activated to
detect regions of close proximity of the geometry that can lead to bad cells due to overlapping or
crossing of the inflation layer. An example is the sharp edge of the NACA ram-air inlet at which the
vortices are formed. Collision Avoidance is applied to this region since inflation layers cross at this
location. Another example is the inflation layer located inside the NACA ram-air inlet. Although
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a local refinement is applied near the throat of the inlet in Configuration 1, Collision Avoidance
is brought into play to avoid geometrical limitations due to the application of the inflation layer
leading to bad quality cells.

3.6. COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS
This section explains the computational domain and the boundary condition types that were ap-
plied on the boundaries of the computational domain. The computational domain is explained in
Subsection 3.6.1. The boundary conditions and the initial conditions are explained in Subsection
3.6.2.

3.6.1. COMPUTATIONAL DOMAIN

Figure 3.17 illustrates the computational domain of the NACA ram-air inlet submerged into a fuse-
lage wall. The size of the computational domain is based on a wind tunnel experiment report NACA
A8A20 and similar inlet CFD study on NACA ram-air inlet with vortex generators [17] [48]. The NACA
ram-air inlet is placed at 6 times the characteristic length downstream of the inlet, whereas the out-
let is placed 6 times downstream from the NACA ram-air inlet. The far-field, which is parallel with
the fuselage wall, is placed at 5 times the characteristic length away from the fuselage wall. The
other far-field that lies parallel with the symmetry plane is placed at 5 times the characteristic width
distance away from the symmetry plane. The symmetry plane allows the computational domain
to be halved reducing the computational cost. The dimensions of the computational domain are
depicted with arrows and the responding domain length in Figure 3.17. The symmetry is located
along the cutting plane of the NACA ram-air inlet, but it is not illustrated with colour in Figure 3.17.
Note that the NACA ram-air inlet is not shown in Figure 3.17.

Figure 3.17: Computational domain with its boundary conditions - NACA ram-air inlet (tunnel) is hidden

Figure 3.18 shows a close-up of the computational domain of the NACA ram-air inlet that was
not shown in Figure 3.17. The duct is extended by three times the characteristic length of the NACA
ram-air inlet to allow the flow to be fully developed without the effect of the imposed boundary
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condition located at the back of the duct tunnel. The duct exit is represented with an orange colour.
The physical walls of the NACA ram-air inlet tunnel, which are wetted by the airflow, are displayed
in green. A no-slip wall has been imposed on these walls. The plane that represents the symmetry
plane is not shown with a colour.

Figure 3.18: Computational domain with its boundary conditions - zoomed in on the NACA ram-air inlet

3.6.2. BOUNDARY CONDITIONS AND OPERATING CONDITIONS

Without the information of the flow field at the boundary conditions, the CFD simulation and its
surroundings are not defined yet. Boundary conditions are very important to prescribe the psychi-
cal representation of the fluid flow. Therefore, appropriate boundary conditions need to be applied
to the boundaries of the computational domain. Operation conditions at the boundary conditions
are required to define the input values of the steady-state RANS simulations.

The locations of each boundary condition are illustrated in Figures 3.17 and 3.18. The boundary
conditions that were used for the CFD problem are described as follows.

Pressure inlet - A pressure inlet was used on the boundary upstream of the NACA ram-air inlet.
The inflow direction is parallel along the fuselage since the angle of attack was chosen to be zero.
For this boundary condition, the gauge pressure (relative pressure to the operating pressure) and
the total temperature were required as input. The flow properties were obtained with isentropic
flow relations. For a Mach number of 0.20 and altitude of 0 [m], the isentropic relations were used
to calculated the total and static pressure. The freestream total and static pressure were calculated
to be 104190 and 101325 [Pa], respectively. In ANSYS Fluent, the gauge was required as an input pa-
rameter. The gauge pressure was obtained by subtracting the value of the freestream static pressure
from the freestream total pressure. The freestream total and static temperature were calculated to
equal to 290.46 and 288.15 [K ], respectively. The turbulence was specified by the turbulent intensity
and the turbulent length scale. The turbulent intensity was calculated to be 2.46% using Equation
2.20. The turbulent length scale makes it easier to estimate and more intuitive to link the physical
size of the large eddies to the physical size of the problem. The length of the NACA ram-air inlet,
parallel with the direction of the fuselage skin, was used as the reference length. By using Equation
2.19, the turbulent length scale was calculated to be 0.0485 [m].

Pressure outlet - A pressure outlet was applied to the outlet boundary of the computational do-
main. The pressure outlet is required to be placed far from the body of interest, such that the static
pressure has reached its freestream conditions. Furthermore, it should not be placed in regions with
large geometrical changes. By placing the pressure-outlet sufficiently far from the body of interest
convergence problems can be minimised. The gauge static pressure was equal to 0 since the oper-
ating pressure was set equal to the static pressure.
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No-slip condition - This boundary condition was imposed on any real physical wall, such as the
walls of the NACA ram-air inlet, fuselage surface, NACA ram-air lip, the closure flap mechanism and
the walls of the duct. This boundary condition assumes that the velocity of the fluid adjacent to the
solid walls is zero, meaning that the fluid comes to a rest forming a boundary layer [34].

Slip condition - Free-slip walls were applied to the boundaries away from the NACA ram-air in-
let and fuselage (indicated as far-field) by specifying the zero shear force equal to zero allowing the
flow to match with the freestream velocity. The normal component of velocity has a value of zero,
whilst the gradient of the tangential component is equal to zero.

Mass-flow-outlet - A mass flow outlet was applied to the boundary condition at the end of the
NACA ram-air tunnel. Since the pressure at the exit of the NACA ram-air tunnel is unknown, a pres-
sure outlet cannot be used. Therefore, a mass-flow-outlet was used for this boundary. This provides
the ability to specify and vary the mass flow rate. For this thesis, the mass flow rate is an important
parameter as it specifies the amount of air that is being ingested by the NACA-ram-air inlet and the
required amount of air for the heat exchangers to cool bleed-air. The target mass flow rate was spec-
ified in such a way that the choked condition was avoided.

Symmetry - The NACA ram-air inlet is symmetric along its x-axis, acting as a centreline of the
body. Due to the symmetry plane, the geometry of the real representation can be reduced by half
meaning that the computational domain reduced by half in size. This has the benefit of decreasing
the computational cost. At the symmetry plane, it is required that the normal component of velocity
is zero and the normal gradients for all variables are zero [35]. Note that the mass flow rate imposed
at these boundaries are only half of the actual mass flow rate. No variables are required to be sub-
mitted for a symmetry condition.

The operating conditions are summarised in Table 3.3.

Table 3.3: The operating conditions

Variable Symbol Value Unit

Mach Number M 0.20 −
Velocity v 68.06 m/s
Altitude h 0 m

Static Temperature Ts 288.15 K
Static Pressure Ps 101325 Pa

Air Density ρ 1.225 kg /m3





4
GRID CONVERGENCE INDEX

In this chapter, the main components of the numerical error are explained in Section 4.1. This will
be followed by the special version of the Grid Convergence Index (GCI) together with the calcula-
tions explained in Section 4.2. The GCI method was applied to Configurations 1, 2, and 3.

4.1. NUMERICAL ERROR

According to Eça and Hoekstra, the numerical error of a CFD solution consists of three components:
the round-off error, the iterative error and the discretisation error [49]. Each source of discretisation
will be explained in Subsections 4.1.1, 4.1.2, and 4.1.3, respectively.

4.1.1. ROUND-OFF ERROR

The round-off error is originated from the finite representation of a number by a computer [32].
The exact values of the variables are truncated due to the finite number of digits that are used by a
computer. This is a machine-limiting factor. For the CFD simulations, double precision has been
chosen. Double precision is considered to be adequate to make sure that the round-off error is suf-
ficiently small compared to the other two sources of the numerical error [49]. However, round-off
errors are usually not the dominant source of numerical error.

4.1.2. ITERATIVE ERROR

The iterative error is due to the difference of the iterative solution of a set of algebraic equations and
the fully converged solution of the same system. [32]. This requires iterative methods to solve and
refine the approximate solution until it is of sufficient accuracy. To ensure that the iterative error
is insignificant, the residual errors are used to monitor the numerical process and should be 2 to
3 orders of magnitude smaller than the discretisation error [4]. In this thesis, the convergence of
the residuals with respect to the number of iterations has been checked. The residuals quantify the
error, often named as imbalance, of mass, momentum and energy in the solution of the control vol-
ume. The residuals shall be as low as possible to be more numerically accurate. In Fluent, a solution
is considered to be converged when the scaled residuals are below a tolerance value of at least 10−3

to stipulate at least qualitative convergence [31] [32]. For quantitative convergence, the changes in
flow variables are required to be monitored. In the thesis, the drag of the tunnel and the fuselage,
and the total pressure at the throat section were monitored.

41
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4.1.3. DISCRETISATION ERROR

The discretisation error is the primary source of the numerical error in CFD simulations [49]. This
type of error is due to the discretisation of the equations of fluid mechanics into a set of algebraic
equations [49]. The exact solution of the continuum equations is numerically approximated. The
discretisation error is affected by the number of grid cells and the distribution of grid points in re-
gions with a high variation of flow quantities. The approximation approaches close to the exact so-
lution of the discretised equations as the number of cells in the computational domain is increased.
However, a high number of cells is computationally more costly, since it requires longer run time
and more CPU to run the CFD simulations. In the next Section, the GCI which was used to assess
the discretisation error will be presented. Furthermore, this is followed by a trade-off of the grids
based on the run time and the overall uncertainty of the CFD simulations.

4.2. LEAST SQUARES VERSION OF GRID CONVERGENCE INDEX

In order to assess the discretisation error of the CFD simulations the Least Squares version of the
Grid Convergence Index (GCI) has been used [4]. In Subsection 4.2.1, the strategy to refine the
meshes for the grid convergence will be explained. In Subsection 4.2.2, the calculation of the dis-
cretisation uncertainty will be presented. Finally, the GCI method was applied to the three con-
figurations of the NACA ram-air inlet with different opening sizes and its results are presented in
Subsections 4.2.3, 4.2.4 and 4.2.5. The trade-off between the run time and the GCI is discussed in
Subsection 4.2.6.

4.2.1. MESH REFINEMENT

In order to assess the discretisation error by comparing a set of solutions, a set of grids was required
to be generated and simulated in CFD. First of all, a mesh that is considered to have a fine refine-
ment needs to be generated, then the other meshes were generated. It is important to make sure
that local refinement was done at regions of high flow gradients. A very fine mesh was generated
and three meshes that contain larger cell sizes. Those are labelled as the medium, coarse and very
coarse meshes. The refinement was performed according to the following guidelines.

The refinement was done on a three-dimensional mesh. For practical reason, the refinement ra-
tio was chosen to be 1.26 such that the total number of cells will approximately be doubled (1.263 ≈
2) or halved. Therefore, the setting for the cell size was multiplied or divided by 1.26 for a coarser
or finer mesh, respectively. The setting for the number of divisions on an edge was multiplied or
divided by 1.26 to keep the same level of refinement. For the body of influence, the cell size was
submitted. This value was also multiplied or divided by 1.26 for a coarser or finer mesh, respectively.

The inflation layer, which is intended to capture the flow gradient inside the boundary layer
needs to be refined as well. For an inflation layer, the number of layers needs to be specified. This
number was also multiplied or divided by 1.26 and rounded-off for a coarser or finer mesh, respec-
tively. The first layer thickness was calculated in order to obtain the required y+ value of 1 for the
SST k−ω model. This value shall be kept constant to maintain y+ around 1, therefore the growth of
the inflation needs to be adjusted in order to keep the same inflation layer thickness.

Figure 4.1a illustrates the very coarse mesh, whereas Figure 4.1b illustrates the very fine mesh
of the mesh refinement study. The grids are numbered from 1 to 5 according to their level of refine-
ment: no.1 for the very fine grid, no.2 for the fine grid, no.3 for the medium grid, no.4 for the coarse
grid, and no.5 for the very coarse grid.
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(a) Very coarse grid (Mesh no.5) (b) Very fine grid (Mesh no.1)

Figure 4.1: The mesh of the mesh refinement study with a refinement ratio of 1.26

4.2.2. DISCRETISATION UNCERTAINTY

The estimation of the discretisation uncertainty U of a flow quantity of the standard Grid Conver-
gence Index is calculated by Equation 4.1 [4].

U = Fs |δRE | (4.1)

Where F s is a safety factor of 1.25 for the comparison with two grids or more, and δRE is the
estimation of the error.

The error estimation can be obtained from Richardson’s extrapolation, given in Equation 4.2 [4].

δRE =ϕi −ϕ0 =αhp
i (4.2)

Where ϕ is the value of a flow variable, hi is the representative grid cell size and p is the observed
order of convergence.

Since the number of grids that were simulated for each configuration is 5, Richardson’s extrap-
olation was obtained with a least squares approach that includes the flow values of all five grids.
In order to calculate the exact value ϕ0 that would be obtained in theory from a mesh with an in-
finite number of cell elements, the following minimisation function needs to be solved, shown in
Equation 4.3 [4].

S(ϕ,α, p) =
√√√√ ng∑

i=1

(
ϕ0 − (ϕ0 +αhp

i )
)2

(4.3)

Where ng is the number of grids, ϕ is the value of a flow variable, α is a constant, p is the ob-
served order of convergence and hi is the representative grid cell size. The grid refinement ratio
hi /h1 is the ratio of the average cell height of the given mesh and the average cell height of the finest
mesh, calculated using the number of cells of the grid ncel l si . This relation is shown in Equation 4.4
[4].

hi

h1
=

(
ncel l si

ncel l s1

)− 1
3

(4.4)

The minimisation function was solved by MATLAB using fmincon to find the values of the con-
stant α and the observed order of convergence p [50].
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After the values of α, ϕ, and p were determined to solve the minimisation function in Equation
4.3, the standard deviation was calculated. The standard deviation Us of each data fit was calculated
using Equation 4.5 [4].

Us =

√√√√∑ng

i=1

(
ϕi − (ϕ0 +αhp

i )
)2

ng −3
(4.5)

The overall uncertainty Uϕ that depends on its order of convergence p can be calculated using
Equation 4.6 [4].

Uϕ = 1.25δRE +Us

for 0.95 ≤ p < 2.05

Uϕ = max(1.25δRE∗ +Us ,1.25∆M )

for p ≥ 2.05 (4.6)

Where ∆M is the maximum absolute difference between all solutions.

The error estimation from Richardson’s extrapolation δRE is obtained relative to the value ob-
tained with the fine mesh from Mesh no.2, denoted with subscript 2. The standard deviation Us , the
error estimation of Mesh no.2 with respect to the estimated exact value δRE2, the order of conver-
gence p of the best fit, and the theoretical fit with an order of convergence p∗ = 2 are presented in
the following Subsections 4.2.3, 4.2.4, and 4.2.5 for Configurations 1, 2 and 3, respectively.

The pressure coefficient around the NACA ram-air lip of each configuration was checked on its
grid convergence. ϕ is defined as the normalised width of the NACA ram-air lip. The slice with a
value of ϕ= 0.0 is located at the symmetry plane of the geometry, whereas ϕ= 0.5 is halfway along
the width of the NACA ram-air lip. The pressure plots at the locations ϕ = 0,0.25,0.50 have been
assessed. The results were obtained for three grids: the very fine (Mesh no.1), the fine (Mesh no.2)
and very coarse grid (Mesh no.5). The locations of the slices are displayed in Figure 4.2.

Figure 4.2: The three locations of the slices, at which the pressure coefficient Cp has been plotted, are indicated with ϕ.



4.2. LEAST SQUARES VERSION OF GRID CONVERGENCE INDEX 45

4.2.3. GCI OF CONFIGURATION 1 - 15 [mm] OPENING

Table 4.1 presents the drag coefficient CD and the pressure recovery η for each of the 5 grids and the
exact approximation of both two parameters denoted by Mesh no.0. The estimated value of Mesh
no.0 is calculated for two different fits. The observed order of convergence p, its exact value ϕ0 and
its best fit are calculated using the quantities from the five different meshes whereas the exact value
ϕ0 of the fit with the theoretical order of convergence p∗ is kept constant at 2 since the second-order
discretisation scheme was used.

Table 4.1: Grid Convergence Study of Configuration 1 - 15 [mm] opening - the drag coefficient and the pressure recovery
of each mesh. The values of both parameters are extrapolated with the best fit and the fit where the order of convergence
was set to 2.

Mesh Refinement Number of elements [ x106] hi /h1 CD [-] η [-]

5 very coarse 2.530 2.21 0.0009382 0.6023
4 coarse 4.223 1.87 0.0009445 0.6034
3 medium 7.911 1.51 0.0009758 0.6062
2 fine 14.699 1.23 0.0009795 0.6163
1 very fine 27.423 1.00 0.0009843 0.6167

0 (best fit) - infinite 0 0.0009929 0.6172
0 (fit with p∗ = 2) - infinite 0 0.0099251 0.6173

Table 4.2 shows the results of the uncertainty analysis for Configuration 1. The observed order
of convergence p, the standard deviation Us of the fit, the error relative to Mesh no.2 δRE2 are pre-
sented in the top part of the table. The standard deviation U∗

s and the error relative to Mesh no.2
δ∗RE2 of the fit with an order of convergence of p∗ = 2 and the overall discretisation uncertainty U∗

ϕ

are presented in the bottom part of the Table.

Table 4.2: Grid Convergence Study of Configuration 1 - 15 [mm] opening - uncertainty analysis

Quantity Drag coefficient CD Pressure recovery η

p 2.598 2.202
Us [%] 0.721 0.370

δRE2 [%] -1.086 -0.095

p∗ 2 2
U∗

s [%] 0.808 0.396
δ∗RE2 [%] -1.320 -0.103

Overall uncertainty U∗
ϕ [%] 2.4613 0.5311

Figures 4.3a and 4.3b show the Grid Convergence Index of the parameters: the drag coefficient
CD as a function of the relative cell size and the pressure recovery η at the throat section of the NACA
ram-air inlet as a function of the relative cell size. These two parameters CD and η of each mesh were
compared with respect to the value obtained from Mesh no.2. Furthermore, the best fit of the mesh
data point and the best fit for the theoretical order of convergence p∗ = 2 are illustrated in the plot
as well.
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(a) GCI of the drag coefficient CD with respect to the relative cell size.
The relative error to the value obtained from Mesh no.2 is presented.
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(b) GCI of the pressure recovery η with respect to the relative cell
size. The relative error to the value obtained from Mesh no.2 is pre-
sented.

Figure 4.3: Grid convergence study of case 15 [mm]. The mesh data points are illustrated with a circle icon, the dotted
line represents the best fit of the observed order of convergence and the solid line corresponds to the fit with p∗ = 2.

Both the drag coefficient CD and the pressure recovery η are assessed on its grid independence.
It can be seen in Figures 4.3a and 4.3b that the relative differences of the drag coefficient and the
pressure recovery are scattered. The highest relative difference with respect to the value of Mesh
no.2 can be found in the drag coefficient CD . Therefore, from Table 4.2 the overall uncertainty of the
drag coefficient CD with 2.46% was also the highest of the two values of overall uncertainty. Although
this number seems to be high, looking at the differences in Figure 4.3a the relative differences of the
drag coefficient CD of Meshes no.1,2 and 3 show variations of less than 1%, whereas the relative
differences of the drag coefficient of Meshes no.4 and no.5 with respect to Mesh no.2 are around
4%. These outliers contribute to a higher overall uncertainty. The pressure recovery η shows good
agreement between the finest grids, Meshes no.1 and no.2. This is represented by the low overall
uncertainty of 0.53%. The pressure recovery η of Mesh no.1 has a relative difference of less than
0.5%, whereas the relative differences of Mesh no.3-5 deviate around 1.5-2.5% with respect to Mesh
no.2.

The grid convergence of the chordwise distribution of the pressure coefficient Cp of Config-
uration 1 is shown in Figures 4.4, 4.5, and 4.6. The Cp distributions are shown for locations ϕ =
0,0.25,0.5 along the width of the NACA ram-air lip, as shown in 4.2.
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Figure 4.4: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0. The results of three grid sizes of Configuration 1 are
illustrated.
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Figure 4.5: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0.25. The results of three grid sizes of Configuration 1
are illustrated.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

C
p
 [
-]

Mesh 1

Mesh 2

Mesh 5

Figure 4.6: Grid convergence study of the chordwise pressure coefficient distribution of the upper-and lower surfaces at
ϕ= 0.50. The results of three grid sizes of Configuration 1 are illustrated.

In Figure 4.4 it can be seen that the Cp -plots of Mesh no.1 and no.2 are very similar at the top
surface. The Cp -plot of the upper surface in Figure 4.4 shows very small differences. An exception
for the lower surface is noticeable with a small ’bump’ around x/c = 0.1. The difference is found
at the region where the lip changes to the flat surface of the fuselage. This can cause a higher dis-
cretisation error at this location. The same difference can be noticed from Figures 4.5 and 4.6 as
well. In those three figures, it can be seen that Mesh no.5 possesses a significant difference at the
lower surface. The grid size of Mesh no.5 is much larger than Mesh no.1 and no.2, causing a larger
discretisation error.
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4.2.4. GCI OF CONFIGURATION 2 - 55 [mm] OPENING

Table 4.3 shows the exact values of the drag coefficient CD and the pressure recovery η for multiple
meshes of Configuration 2 where the throat in the NACA ram-air tunnel is equal to 55 [mm]. The
estimated value of Mesh no.0 is calculated for both the observed order of convergence p and the
constant value of p∗ = 2.

Table 4.3: Grid Convergence Study of Configuration 2 - 55 [mm] opening - the drag coefficient and the pressure recovery
of each mesh. The values of both parameters are extrapolated with the best fit and the fit where the order of convergence
was set to 2.

Mesh Refinement Number of elements [ x106] hi /h1 CD [-] η [-]

5 very coarse 2.081 2.37 0.0009396 0.5424
4 coarse 3.846 1.93 0.0009682 0.5325
3 medium 7.283 1.56 0.0009416 0.5333
2 fine 13.465 1.27 0.0009680 0.5342
1 very fine 27.533 1.00 0.0009715 0.5328

0 (best fit) - infinite 0 0.0009724 0.5325
0 (fit with p∗ = 2) - infinite 0 0.0009775 0.5303

Table 4.4 shows the uncertainty analysis of Configuration 2. The observed order of convergence
p, the standard deviation Us of the fit, the error relative to Mesh no.2 δRE2 are presented in the top
part of the table. The standard deviation U∗

s and the error relative to Mesh no.2 δ∗RE2 of the fit with
an order of convergence of p∗ = 2 and the overall discretisation uncertainty U∗

ϕ are presented in the
bottom part of the Table.

Table 4.4: Grid Convergence Study of Configuration 2 - 55 [mm] opening - uncertainty analysis

Quantity Drag coefficient CD Pressure recovery η

p 6.7246 7.8913
Us [%] 0.5042 8.0600

δRE2 [%] -0.4584 0.1526

p∗ 2 2
U∗

s [%] 0.7459 0.2900
δRE2 [%] -0.9769 0.3972

Overall uncertainty U∗
ϕ [%] 1.7253 0.6378

Figures 4.7a and 4.7b show the Grid Convergence Study of Configuration 2. Both the drag coef-
ficient CD and the pressure recovery η are analysed on its grid independence.
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(a) GCI of the drag coefficient CD with respect to the relative cell
size. The relative error to the value obtained from Mesh no.2 is pre-
sented.
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(b) GCI of the pressure recovery η with respect to the relative cell
size. The relative error to the value obtained from Mesh no.2 is pre-
sented.

Figure 4.7: Grid convergence study of Configuration 2 - 55 [mm]. The mesh data points are illustrated with a circle icon,
the dotted line represents the best fit of the observed order of convergence and the solid line corresponds to the fit with
p∗ = 2.

From the observation of Figure 4.7a, it can be seen that Meshes no.1-4 show small differences
in the drag coefficient CD . The differences of the drag coefficient CD for those four meshes are
around 0.5%, whereas the difference of the drag coefficient of Mesh no.5 with respect to Mesh no.2
is relatively large to be 3%. This is also represented by the overall uncertainty of 1.73% for the drag
coefficient in Table 4.4. In Figure 4.7b, the differences of the pressure recovery η of Meshes no.1-4 of
Configuration 2 are very small with differences of less than 0.5%, while Mesh no.5 shows a relative
difference of 1.5% with respect to Mesh no.2. The small differences in pressure recovery of Configu-
ration 2 led to a low overall uncertainty of 0.64%.

The grid convergence of the chordwise distribution of the pressure coefficient Cp of Configu-
ration 2 is shown in Figures 4.8, 4.9, and 4.10. The Cp distributions are shown for locations ϕ =
0,0.25,0.5 along the width of the NACA ram-air lip, as shown in Figure 4.2.
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Figure 4.8: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0. The results of three grid sizes of Configuration 2 are
illustrated.
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Figure 4.9: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0.25. The results of three grid sizes of Configuration 2
are illustrated.
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Figure 4.10: Grid convergence study of the chordwise pressure coefficient distribution of the upper-and lower surfaces at
ϕ= 0.50. The results of three grid sizes of Configuration 2 are illustrated.

It can be seen that the Cp -plots of the upper surface in Figures 4.8, 4.9, and 4.10, are very similar
for Mesh no.1 and no.2. However, a small variation can be found at the suction peak. The element
size at the lip can have an influence on the discretisation error, leading to local differences in the
Cp distribution. The lower surface of Figures 4.8, 4.9, and 4.10 also shows great similarity for the
meshes with finest grids meshes no.1 and no.2, but the lower surface of Mesh no.5 shows an offset
with Meshes no.1 and 2. This can be explained by the coarser grid of Mesh no.5.

4.2.5. GCI OF CONFIGURATION 3 - 95 [mm] OPENING

Table 4.5 shows the exact values of the drag coefficient CD and the pressure recovery η for multiple
meshes of Configuration 3 where the opening in the NACA ram-air tunnel is equal to 95 [mm]. The
estimated value of Mesh no.0 is calculated for both the observed order of convergence p and the
constant value of p∗ = 2.

Table 4.5: Grid Convergence Study of Configuration 3 - 95 [mm] opening - the drag coefficient and the pressure recovery
of each mesh. The values of both parameters are extrapolated with the best fit and the fit where the order of convergence
was set to 2.

Mesh Refinement Number of elements [ x106] hi /h1 CD [-] η [-]

5 very coarse 2.081 2.19 0.0028928 0.7788
4 coarse 3.364 1.86 0.0029417 0.7824
3 medium 6.311 1.51 0.0029638 0.7820
2 fine 11.682 1.23 0.0029799 0.7823
1 very fine 21.807 1.00 0.0029891 0.7826

0 (best fit) - infinite 0 0.0030018 0.7826
0 (fit with p∗ = 2) - infinite 0 0.0030048 0.7829

Table 4.6 shows the uncertainty analysis of Configuration 3. The observed order of convergence
p, the standard deviation Us of the fit, the error relative to Mesh no.2 δRE2 are presented in the top
part of the table. The standard deviation U∗

s and the error relative to Mesh no.2 δ∗RE2 of the fit with
an order of convergence of p∗ = 2 and the overall discretisation uncertainty U∗

ϕ are presented in the
bottom part of the Table.
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Table 4.6: Grid Convergence Study of Configuration 3 - 95 [mm] opening - uncertainty analysis

Quantity Drag coefficient CD Pressure recovery η

p 3.2881 8.9127
Us [%] 0.1176 0.0519

δRE2 [%] -0.5800 -0.0321

p∗ 2 2
U∗

s [%] 0.1370 0.0808
δ∗RE2 [%] -0.8342 -0.0757

Overall uncertainty U∗
ϕ [%] 1.1072 0.1412

Figures 4.11a and 4.11b show the Grid Convergence Study of Configuration 3. The drag coeffi-
cient CD and the pressure recovery η are assessed on its grid independence.
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sented.
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Figure 4.11: Grid convergence study of case 95 [mm]. The mesh data points are illustrated with a circle icon, the dotted
line represents the best fit of the observed order of convergence and the solid line corresponds to the fit with p∗ = 2.

Note that the y-axis in Figure 4.11b varies from -0.5% to 0.1%. The relative differences of the
pressure recovery η with respect to Mesh no.2 are very small, especially for Meshes no.1,2, and 4.
This resulted in a low overall uncertainty of the pressure recovery of the Grid Convergence Study of
Configuration 3 of 0.14%, shown in Table 4.6.

The grid convergence of the chordwise distribution of the pressure coefficient Cp of Config-
uration 3 is shown in Figures 4.12, 4.13, and 4.14. The Cp distributions are shown for locations
ϕ= 0,0.25,0.5 along the width of the NACA ram-air lip, as shown in Figure 4.2.
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Figure 4.12: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0. The results of three grid sizes of Configuration 3 are
illustrated.
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Figure 4.13: Grid convergence study of the chordwise pres-
sure coefficient distribution of the upper-and lower surfaces
at ϕ= 0.25. The results of three grid sizes of Configuration 3
are illustrated.
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Figure 4.14: Grid convergence study of the chordwise pressure coefficient distribution of the upper-and lower surfaces at
ϕ= 0.50. The results of three grid sizes of Configuration 3 are illustrated.

These three figures show that the overall agreement between the Cp -plots of the top surface is
generally good, although the suction peak at Mesh no.2 tends to be slightly overestimated. Despite
Mesh no.5, the coarsest grid, the lower surface of the three meshes in Figures 4.12, 4.13, and 4.14
show good agreement. In the three figures, the Cp -plots of the lower surface of Mesh no.5 tend to
shift upwards.

4.2.6. RUN TIME OF CFD SIMULATIONS

The numerical error due to the spatial discretisation depends on the level of mesh refinement. Mesh
no.1 (very fine mesh) amongst the set of five meshes is expected to be the best in terms of accuracy,
but the high number of the mesh elements leads to high computational cost for the CFD simulation.
From the Grid Convergence Index assessment previously treated, a trade-off between the required
run time and the level of accuracy was made.
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Figure 4.15 shows the run time as a function of the number of grid cells. The run time of each
set (of five grids) of Configurations 1, 2, and 3, are plotted.
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Figure 4.15: The CFD run time of Meshes no.1 to 5, for configurations 1,2, and 3, are indicated with blue, red, and green
respectively.

In Figure 4.15, the number next to the data point represents the level of refinement of the grid,
numbered from 1 to 5 with no.1 as the very fine grid. It can be noticed that five clusters of data points
can be distinguished. Each cluster is represented by the level of refinement. On the right in Figure
4.15, it can be seen that the very fine grids Mesh no.1 of the three Configurations, which contains
most cells, are located on the right. Note that the data point in green, which represents Configu-
ration 3, contains the fewest number of cells compared to other configurations at a similar level of
refinement. Configurations 1 and 2 with an opening of 15 and 55 [mm], respectively, required local
refinements at regions with high flow gradients due to their more narrow opening compared with
Configuration 3 with an opening of 95 [mm]. The local refinements have led to an increase in the
total amount of cells in the grid.

Mesh no.1 of all configurations has a run time of around 40 hours, which was very costly due to
the limited time of the thesis project. A couple of weeks is required to successfully run for 50 cases of
CFD simulations. Mesh no.2 has a run time of around 20 hours with a high level of accuracy. Based
on the Grid Convergence Index and run time study, Mesh no.2 was chosen as the final grid that was
used for the CFD simulations.





5
RESULTS AND DISCUSSION

The aerodynamic analysis on the NACA ram-air inlet for different configurations with hinged and
morphing flaps that were conducted through CFD simulations are presented and discussed in this
Chapter. The results on the pressure recovery are presented in Section 5.1. The results of individual
cases, hinged and morphing flap, will be compared and discussed. Furthermore, the envelopes of
the pressure recovery will be presented. Section 5.2 presents the results on the drag of the NACA
ram-air inlet for different test cases. Section 5.3 presents the pressure distributions between flap
designs on different configurations. The vorticity plots are shown in Section 5.4. This is followed by
Section 5.5 in which the distortion inside the duct of the NACA ram-air inlet will be presented.

5.1. PRESSURE RECOVERY

CFD simulations were conducted for a range of mass flow rates and various configurations with
different designs of the closure flaps. Firstly, two different closure flap designs were analysed: the
hinged flap and the morphing flap. Secondly, three different configurations from which the flap
opening that is regulated by the closure flap mechanism has a minimum distance of 15, 55 and 95
[mm]. Thirdly, the mass flow rate was varied for the CFD simulations. The CFD simulations were
performed for a range of mass flow rates.

One of the important inlet parameters is the pressure recovery. This section presents the in-
let performance between the NACA ram-air inlet with the hinged flap and the morphing flap. The
comparison of the pressure recovery between the hinged flap and the morphing flap is discussed in
Subsection 5.1.1. This is followed by Subsection 5.1.2 in which the envelopes of the pressure recov-
ery for the hinged flap and the morphing flap are presented.

5.1.1. PRESSURE RECOVERY HINGED-MORPHING COMPARISON

In order to assess and quantify the effect of replacing the conventional hinged flap by an inherently
smoother morphing flap, the hinged flap and the morphing flap of each configuration will be com-
pared. The pressure recovery of both different flap designs on Configurations 1, 2, and 3, is plotted
against the mass flow rate in Figures 5.1, 5.2, and 5.3, respectively.

55
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The pressure recovery of both different flap designs on Configuration 1 is plotted against the
mass flow rate in Figure 5.1.
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Figure 5.1: Comparison between the hinged and morphing flap of Configuration 1 with an opening of 15 [mm]. The
pressure recovery is plotted as a function of the mass flow rate.

In Figure 5.1 it can be seen that Configuration 1 with the morphing flap shows a large variety of
pressure recovery. The highest value of the pressure recovery is 0.687 and can be found at a mass
flow rate of 0.100 [kg /s] for the morphing flap. However, the pressure recovery declines sharply to a
value of 0.429 with increasing mass flow rate. It is a different case for Configuration 1 with the con-
ventional hinged flap. In this case, the highest pressure recovery equals 0.622 at the corresponding
mass flow rate of 0.150 [kg /s]. However, the pressure recovery of the hinged flap has a wide plateau
and fluctuates around 0.610, meaning that the pressure recovery remains relatively high and con-
stant for a broad range of mass flow rate. The relative difference between the highest values of pres-
sure recovery between the two flaps is slightly over 10%. For low mass flow rates, the morphing flap
performs in terms of pressure recovery significantly better than the hinged flap, whereas the oppo-
site happens at the breakpoint at a mass flow rate of 0.210 [kg /s]. For mass flow rates higher than
0.210 [kg /s] the pressure recovery of the hinged flap gradually drops to 0.590, whereas the pressure
recovery of the morphing flap drops drastically to 0.429.

The large difference in pressure recovery between the hinged flap and morphing flap at high
mass flow rates can be explained as follows. The locations of the throat of the hinged flap and mor-
phing flap of Configuration 1 are not the same. The influence of this geometrical difference is that
the pressure recovery is also measured further downstream for the morphing flap. The flow travels
a larger distance through the duct, which causes more pressure loss due to skin friction, reducing
the measured pressure recovery.
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The pressure recovery of both different flap designs on Configuration 2 is plotted against the
mass flow rate in Figure 5.2.
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Figure 5.2: Comparison between the hinged and morphing flap of Configuration 2 with an opening of 55 [mm]. The
pressure recovery is plotted as a function of the mass flow rate.

From the first observation of Figure 5.2, it can be observed that Configuration 2 with the morph-
ing flap possess a higher pressure recovery than Configuration 2 with the hinged flap for most mass
flow rates, apart from a mass flow rate of 0.100 [kg /s]. The pressure recovery of the morphing flap
case shows a large jump from 0.511 to 0.689 between mass flow rates 0.100 and 0.250 [kg /s]. The
pressure recovery of both flap designs on Configuration 2 increases with increasing mass flow rate
up to maximum pressure recovery. The highest values of the pressure recovery of Configuration 2
are very similar and equal to 0.775 and 0.755 at a mass flow rate of 1.250 [kg /s], for the morphing
and hinged flap, respectively.

The pressure recovery of both different flap designs on Configuration 3 is plotted against the
mass flow rate in Figure 5.3.
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Figure 5.3: Comparison between the hinged and morphing flap of Configuration 3 with an opening of 95 [mm]. The
pressure recovery is plotted as a function of the mass flow rate.



58 5. RESULTS AND DISCUSSION

Figure 5.3 shows the pressure recovery of Configuration 3 of both hinged and morphing flaps as
a function of the mass flow rate. The trend of the pressure recovery is very similar for both hinged
and morphing flap. The maximum pressure recovery of Configuration 3 with a hinged flap equals
0.784 at a mass flow rate of 2.000 [kg /s], whereas the maximum pressure recovery of Configuration
3 with a morphing flap equals 0.785 at a mass flow rate of 1.500 [kg /s]. Both hinged flap and mor-
phing flap have very similar maximum pressure recovery.

At most mass flow rates, the pressure recovery of Configuration 3 with a morphing flap is lower
than a hinged flap. This can be explained as follows. Figure 5.16 shows the shape of the hinged
flap and the morphing flap. The morphing flap is much smoother than the hinged flap and the
kinks have been eliminated in the morphing flap. Although the morphing flap is smoother, for this
particular configuration, the ramp angle in the morphing flap case is much larger than the hinged
flap. The hinged flap has a locally more strong ramp angle downstream of the ramp, but the effect
of a large ramp angle along the entire morphing flap is more prominent. A large ramp angle pro-
vokes flow separation [5]. Second, increasing the ramp angle increases the obliquity between the
freestream flow and the divergent ramp walls. This results that the flow has more difficulty to follow
the shape of the divergent ramp walls, causing more high-energetic flow to spill over the NACA ram-
air lip [5] [9]. These two adverse conditions, high obliquity and high spillage, cause large pressure
losses. This resulted in a low pressure recovery for the morphing flap case.

5.1.2. ENVELOPE OF THE PRESSURE RECOVERY

In the previous Subsection, each Configuration has been compared with two flap designs, it can be
concluded that the largest differences in pressure recovery were found for Configuration 1. Besides
assessing the performance in terms of pressure recovery each configuration with two flap designs
separately, it is useful to show the pressure recovery of all configurations for each flap design in a
graph in order to present the overall pressure recovery profile of each flap design.

Figure 5.4a presents the results on the pressure recovery obtained from CFD simulations for
the three configurations with the hinged flap as a function of the mass flow rate, whereas Figure
5.4b presents the results on the pressure recovery obtained from CFD simulations for the three con-
figurations with the morphing flap as a function of the mass flow rate. The pressure recovery is
measured at the throat area inside the NACA ram-air inlet.

The highest achievable pressure recovery per configuration is found for the morphing plate. For
the configuration with a smaller opening, a larger difference in the maximum pressure recovery is
found. The maximum pressure recovery that can be achieved with Configuration 1, 2, and 3 with
a hinged flap are 0.622, 0.755, and 0.784, respectively. For Configurations 1,2 and 3 with morphing
flap, the maximum values of the pressure recovery are 0.687, 0.775 and 0.785, respectively.

Firstly, a clear trend of the pressure recovery can be observed. The maximum achievable pres-
sure recovery is related to the configuration. A large opening inside the NACA ram-aim inlet, which
is defined by the throat area, allows a higher pressure recovery. In both Figures 5.4a and 5.4b, it can
be seen that Configuration 3 with an opening of 95 [mm] enables a maximum pressure recovery
much higher than the maximum pressure recovery for Configuration 1 with an opening of 15 [mm].
This can be explained with the aspect ratio of the NACA ram-air inlet, but one must also remember
that each configuration has a different throat area. The aspect ratio is defined as the ratio of the
width of the NACA ram-air and the duct height inside the NACA ram-air inlet. For Configurations
1, 2, and 3, the aspect ratios are 20.3, 5.53, and 3.20, respectively. Although the throat area of each
configuration is different, the streamtube that is ingested by the NACA ram-air inlet with a higher
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(a) The pressure recovery is shown for Configurations 1, 2 and 3
with a hinged flap with an opening of 15, 55 and 95 [mm], respec-
tively.
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(b) The pressure recovery is shown for Configurations 1, 2 and 3
with a morphing flap with an opening of 15, 55 and 95 [mm], re-
spectively.

Figure 5.4: Pressure recovery at the cross-sectional area of the throat versus mass flow rate obtained from CFD simulations
is plotted. The envelope of the maximum pressure recovery is plotted.

aspect ratio contains proportionally more boundary layer flow. Boundary layer flow is less energetic
and slower than the freestream airflow, thereby decreasing the pressure recovery. Increasing the as-
pect ratio leads to an increase in the proportion of boundary layer that is ingested, which results in
a reduction of the pressure recovery.

Secondly, the pressure recovery of any configuration increases with increasing mass flow rate
until the maximum value of the pressure recovery has been reached. By increasing further increas-
ing the mass flow rate, the pressure recovery drops. The increase of the pressure recovery by in-
creasing the mass flow rate can be explained as follows. Due to the divergent shape of the NACA
ram-air inlet, the airflow is forced to flow over the sharp ramp edges into the NACA ram-air inlet.
This results in the generation of a vortex on each edge of the NACA ram-air inlet. The vortex curls
over the edge towards the centreline of the NACA ram-air inlet and inwards to the ramp walls, thin-
ning out the boundary layer at the centreline. For low mass flow rates, a larger portion of the airflow
is not being ingested into the NACA ram-air inlet but spilt over the NACA ram-air lip. This will also
be discussed in Section 5.4 on vorticity. Therefore, the effect of the vortices on the boundary layer
is weaker. The boundary layer near the centreline of the NACA ram-air inlet will not be thinned out
by the vortex, leading to a lower pressure recovery when the mass flow rate is lowered. When the
mass flow rate is increased, the vortex strength will become stronger. The vortex curls over the edge
of the NACA ram-air inlet and thins out the boundary layer. Higher energetic flow is ingested into
the NACA ram-air inlet, resulting in a higher pressure recovery.

The decrease of the pressure recovery beyond its maximum value is due to the vortex that is
being ingested by the inlet. Although the boundary layer around the ramp of the inlet is thinned
out by the vortices, the amount of the vortex flow that is being ingested is higher at high mass flow
rates. After vortices are generated, the vortex core will fade and dissipate its energy [51]. The pres-
sure losses are caused due to the vortex cores, leading to lower pressure recovery. At the maximum
pressure recovery, the loss due to boundary layer thickening and the pressure losses due to vortex
ingestion are minimal.
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In conclusion, increasing the mass flow rate increases the effect and the strength of the vor-
tices that reduce the boundary layer thickness. The pressure losses due to vortices are low. Beyond
the maximum pressure recovery, the effect of thinning out the boundary layer is outweighed by
the detrimental effect of vortex ingestion. Vortex ingestion is high, which results in higher pressure
losses due to vortex cores.

In both Figures 5.4a and 5.4b, the envelope corresponds to the maximum pressure recovery that
can be achieved for a certain mass flow rate. This is particularly useful for the air-conditioning
system as it can monitor and select the best configuration for maximum pressure recovery at a cer-
tain mass flow rate (without considering the corresponding drag coefficient). Looking at Figure 5.4a,
when a mass flow rate of 1.500 [kg /s] is required as the amount of coolant air for the heat exchanger,
it is more beneficial to select Configuration 3 with a hinged flap instead of Configuration 2 with a
hinged flap. The pressure recovery of Configuration 3 and 2 are 0.782 and 0.742, respectively, which
is a relative improvement of 5.4%.

Figure 5.5 shows the envelopes of the pressure recovery for both configurations. The envelopes
are extracted from Figures 5.4a and 5.4b.
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Figure 5.5: The envelopes pressure recovery of the designs with morphing and hinged flaps are shown in blue. The relative
difference of pressure recovery envelopes of the morphing flap with respect to the hinged flap is shown in orange.

By analysing the blue lines in the graph which shows the envelope of the pressure recovery as a
function of the mass flow rate, it can be seen that the configuration with morphing flap has a higher
pressure recovery envelope than the configuration with hinged flap for a broad range of mass flow
rates. The opposite holds for a mass flow rate higher than 1.870 [kg /s], where the configuration with
morphing flap possesses a lower value of pressure recovery than the hinged-plated configuration.
Furthermore, it can be seen that the envelopes of both configurations with morphing and hinged
flaps converge between mass flow rates between 1.500-2.000 [kg /s]. The envelope will not extend
further upwards since the maximum flap opening is equal to 95 [mm].

By calculating the relative difference of the pressure recovery of the configuration with morph-
ing flap with respect to the configuration with hinged flap, the relative improvement in pressure
recovery is indicated by the orange line in Figure 5.5. This can be interpreted as a measure of the
improvement or deterioration of the performance of the NACA ram-air inlet by replacing the con-
ventional closure flap mechanism, the hinged flap, by a morphing flap. The relative improvement of
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the pressure recovery is the highest at low mass flow rates. The relative improvement of the pressure
recovery of Configuration 1 with a morphing flap with respect to a hinged flap can go up to 13.5%.
The relative improvement rapidly drops to 2.49% for a mass flow rate of 0.500 [kg /s]. Between a
mass flow rate of 0.500-1.870 [kg /s] the difference of pressure recovery between the two configura-
tions is small.

In summary, the morphing flap provides a significant improvement in terms of pressure recov-
ery, compared to the hinged flap. The largest improvement can be found for low mass flow rates and
goes up to 13.5%. The largest relative improvement in pressure recovery was found for Configura-
tion 1 with morphing flap compared to Configuration 1 with hinged flap. At high mass flow rates,
the hinged plate performs better than the morphing flap by a narrow margin.

5.2. DRAG
Another important performance parameter is the drag. Although an improved pressure recovery
is desirable, a large increase of drag is detrimental to the overall performance of the NACA ram-air
inlet. Therefore, it is important to assess the drag increase/decrease by replacing the hinged flap
with the morphing flap. The drag is calculated by using the operating conditions and the reference
area of the Airbus A320, which equals to 122.4 [m2] [52].

The drag coefficient of both flap designs of each individual Configurations 1, 2, and 3, are plot-
ted in Figures 5.6a, 5.6b, and 5.6c, respectively (shown on the next page). The relative difference
between the drag coefficient of the morphing flap with respect to the hinged flap is also plotted.

By looking at Figures 5.6a and 5.6b, a general trend can be noticed for Configuration 1 and 2.
At low mass flow rates, the configurations with the morphing flap have a lower drag coefficient. At
high mass flow rates, the opposite holds. The configurations with the hinged flap have a lower co-
efficient. This trend is slightly different in Configuration 3. In Figure 5.6c, it can be seen that the
drag coefficient of the morphing flap case is higher than the hinged flap case at low mass flow rates.
Then the drag coefficient of the morphing flap is lower at moderate mass flow rates, and the drag
coefficient of the morphing flap is again higher at high mass flow rates.

Figure 5.6a shows the drag coefficient as a function of mass flow rate for Configuration 1 of both
hinged and morphing flaps.

From Figure 5.6a it can be seen that the drag coefficient of the morphing flap is lower than the
hinged flap at a low mass flow rate, but the difference in drag coefficient seems to be small. By look-
ing at the relative difference of the drag coefficient of the morphing flap case with respect to the
hinged flap in percentage, it can be seen that the difference in drag coefficient is rather large. At low
mass flow rates, the maximum drag improvement of using a morphing flap instead of a hinged flap
is 33.1%. At mass flow rates of 0.150 [kg /s] and higher, the performance in drag of the morphing
flap is worse than the morphing flap.

Figure 5.6b shows the drag coefficient as a function of mass flow rate for Configuration 2 of both
hinged and morphing flaps.

From Figure 5.6b it can be seen that the drag coefficient of the morphing flap is lower than the
hinged flap at a low mass flow rate. The largest drag improvement of the morphing flap compared to
the hinged flap case is 17.8%. The opposite holds when the mass flow rate is increased above 0.550
[kg /s]. The drag coefficient of the morphing flap case starts to increase significantly compared to
the hinged flap case. The drag increase of the morphing flap compared to the hinged flap case is
30.1% at a mass flow rate of 1.000 [kg /s]. In Subsection 5.1.1, it was found that Configuration 2 with
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(a) Configuration 1 with an opening of 15 [mm] - the hinged flap
and the morphing flap
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(b) Configuration 2 with an opening of 55 [mm] - the hinged flap
and the morphing flap
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(c) Configuration 3 with an opening of 95 [mm] - the hinged flap
and the morphing flap

Figure 5.6: Comparison of the drag coefficient between the hinged and morphing flap of each configuration on the left
axis. The drag coefficient is plotted as a function of the mass flow rate. The relative difference of the drag coefficient
between the morphing and hinged flap in percentage is plotted on the right axis.

morphing flap has a higher performance in terms of the pressure recovery for a broad range of mass
flow rates. The drag penalty of using the morphing flap is large that it may offset the performance
gain in the pressure recovery.

Figure 5.6c presents the drag coefficient as a function of mass flow rate for Configuration 3 of
both hinged and morphing flaps.

As can be seen from Figure 5.6c, the drag coefficient of both flaps shows that the drag coefficient
increases with increasing mass flow rate. Especially between mass flow rates of 0.500 and 1.500
[kg /s] the drag coefficients are very similar. From a mass flow rate higher than 1.500 [kg /s] the
morphing flap performs worse compared to the hinged flap. The same holds for low mass flow rates
between 0.100-0.500 [kg /s] where the drag coefficient is also higher for the morphing plate with
respect to the hinged flap. The relative difference of the morphing flap compared to the hinged flap
in Configuration 3 is not as large as in Configurations 1 and 2. This can be explained by the fact
that geometrical differences between Configuration 3 with the hinged flap and the morphing flap
are less strong. Although Kink no.1 and Kink no.2 are present in the hinged flap of Configuration
3, the shape of the morphing flap of Configuration 3 is very similar. The geometrical shapes of the
morphing flap and hinged flap in Configuration 1 and 2 are due to deflection of the actuator more
different.
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5.2.1. ENVELOPE OF THE DRAG

Figure 5.7a presents the results on the drag count obtained from CFD simulations for the three con-
figurations with a hinged flap for different mass flow rates, whereas Figure 5.7b presents the results
on the drag count obtained from CFD simulations for the three configurations with a morphing flap
for different mass flow rates. The drag count is calculated by using the reference area of the Airbus
A320, which equals to 122.4 [m2] [52].
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(a) The drag count is shown for Configurations 1, 2 and 3 with a
hinged flap with an opening of 15, 55 and 95 [mm], respectively.
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(b) The drag count is shown for Configurations 1, 2 and 3 with a
hinged flap with an opening of 15, 55 and 95 [mm], respectively.

Figure 5.7: Drag count of the NACA ram-air inlet and the fuselage skin versus mass flow rate obtained from CFD simula-
tions is plotted. The envelope of the minimum drag count for a given mass flow rate is plotted.

The similar method from the previous section on the pressure recovery plots can be done with
the drag. The envelopes of the drag counts versus the mass flow rate for the two sets of configu-
rations with a hinged and a morphing flap have been extracted and are plotted as the blue dotted
lines in Figure 5.5. The relative difference of the drag counts of the configuration with morphing flap
with respect to the configuration with the hinged flap was calculated and it is plotted as the relative
improvement of the drag counts in percentage indicated by the orange line in Figure 5.8.
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Figure 5.8: The envelopes drag counts of the designs with morphing and hinged flaps are shown in blue. The relative
difference of pressure recovery envelopes of the morphing flap with respect to the hinged flap is shown in orange.

From Figure 5.8, it can be observed that the configuration with morphing has an improvement in
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its drag performance for a broad range of low mass flow rates. The largest improvement in drag can
be found for low mass flow rates, especially for configuration with the smallest throat area: Config-
uration 1 with an opening of 15 [mm]. By investigating the drag envelope, the maximum improve-
ment of the drag of the morphing flap with respect to the hinged flap is 33.8%. The improvement
in drag is positive between 0.025 and 0.480 [kg /s]. Then the drag improvement is negative and be-
comes positive again with a drag improvement of around 1.8% between mass flow rates 0.800 and
1.600 [kg /s]. The drag count improvement is negative above a mass flow rate of 1.600 [kg /s] with
a deterioration of 9.80% for a mass flow rate of 2.500 [kg /s]. The highest improvement in terms of
drag counts was found in Configuration 1.

Typically, 1.2 [kg /s] of air is required for the ventilation requirement inside the cabin of an Air-
bus A320 with 200 passengers [12]. Half of the cabin air is recirculated, which means that 0.6 [kg /s]
of bleed air is required [53]. According to Martinez, the amount of coolant air is two times the
amount of bleed air [12]. By looking at Figure 5.8 for a mass flow rate of 0.6 [kg /s] (since half of
the geometry was modelled), it can be seen that the difference in drag counts between the hinged
flap and the morphing flap is very small, it is equal to 2.00%. The drag count of Configuration 1 with
the hinged flap and the morphing flap is 2.0360 and 1.9948, respectively. The difference between the
hinged flap and the morphing flap is 0.0412 drag count. The drag improvement of using the morph-
ing flap design is minimal in comparison to the total drag of an aircraft. Since the CFD simulations
of the NACA ram-air inlets were analysed at Mach 0.20, the calculations for the fuel savings cannot
be performed for the flight segment at cruise speed.

5.3. PRESSURE DISTRIBUTION OF THE CLOSURE FLAP

The main geometrical difference between the designs of the configuration with a hinged flap and
the configuration with the morphing flap is originated in the closure flap. For the hinged flap, two
kinks in the flap are present. It was defined that Kink no.1 is located in the middle of the first rigid
plate and Kink no.2 is located between the two rigid plates. These two kinks have been eliminated
in the morphing flap. It is expected that the undesirable aerodynamic effect will be reduced or even
be eliminated by using a morphing flap. The pressure distribution of the lower surface of the NACA
ram-air inlet, which consists of the ramp surface and the surface of the closure flap, will be dis-
cussed.

Previously, it was observed that the largest differences in drag and the largest improvement of
the drag are originated from Configuration 1 with an opening of 15 [mm]. This is a good reason to
zoom in on the geometry of the different flap designs.

Figures 5.9 and 5.10 show the side view of the NACA ram-air inlet of Configuration 1 with the
hinged and the morphing flap, respectively. The location in the x-direction is indicated with the
normalised distance x/c, where x/c = 0 is the location of the start of the NACA ram-air inlet and
x/c = 1 is the location at the NACA ram-air lip.
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Figure 5.9: Side view of Configuration 1 - 15 [mm] opening with hinged flap of the lower surface of the NACA ram-air inlet
and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is indicated
in blue.

Figure 5.10: Side view of Configuration 1 - 15 [mm] opening with morphing flap of the lower surface of the NACA ram-
air inlet and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is
indicated in blue.

From Figure 5.9, it can be seen that Configuration 1 with an opening of 15 [mm] with a hinged
flap has three kinks. One kink on the closure flap is located around x/c = 0.55 at the ’axis of rota-
tion’ at which the hinged flap is attached to. The other two kinks were introduced as Kink no.1 and
Kink no.2 in Figure 3.7. Kink no.1 is located around x/c = 0.90 and Kink no.2 which is located down-
stream of the closure flap, is located around x/c = 1.0 in the vicinity of the NACA ram-air lip. The
latter kink between two rigid plates, Kink no.2, has been presented earlier as the source of pressure
losses and airframe vibration during flight. Figure 5.10 shows the side view of the NACA ram-air in-
let of Configuration 1 with an opening of 15 [mm] with a morphing flap. Both Kinks no.1 and no.2,
that are present in the hinged flap case, have been eliminated in the morphing flap. The closure flap
is slightly curved and smooth due to the deflection of the actuator. The morphing flap is attached
to the ’axis of rotation’ at which a subtle kink is present.

The comparison of the Cp -plots of the ramp floor and the closure flap of the NACA ram-air inlet
between the hinged flap and the morphing flap of Configuration 1 with an opening of 15 [mm] is
shown in Figure 5.11.
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Figure 5.11: Cp -plots of Configuration 1 - 15 [mm] opening with hinged flap and morphing flap. x/c is the normalised
x-distance.

From the observation of Figure 5.11, a pressure peak can be found around x/c = 0.55, which is
the location of the ’axis of rotation’ for both hinged and morphing cases. This kink is more subtle in
the case of a morphing flap, causing a less strong pressure peak in the Cp -plot.

It can be observed that the Cp -plot of Configuration 1 with the hinged flap shows a suction peak
near x/c = 0.90. This is the location of Kink no.1 of Configuration 1 with an opening of 15 [mm]. The
local convex curvature leads to higher supervelocity, thus a locally less positive or more negative
pressure coefficient [54]. When this is compared with the morphing case, one can observe that the
suction peak has been eliminated. The Kink no.1, which is found in the middle of the first rigid plate
of the hinged flap, is smoothed out in the morphing case. The morphing flap is a smooth surface,
even when the laminated plate is deflected due to the actuator. This results in a reduction of the
supervelocity that would have caused in the present of the sharp kink, reducing the magnitude of
the adverse pressure gradient such that flow separation is postponed.

Furthermore, there is a small suction peak around x/c = 1.0. This is the location of Kink no.2
in the case of a hinged flap. A peak around x/c = 1.1 can be found for the morphing case. This can
be explained by recalling Figure 5.10, which shows the side view of the morphing flap in the vicin-
ity of the NACA ram-air inlet. The throat is now located more downstream from the NACA ram-air
lip. Since the throat is located downstream in the duct, the velocity increases due to the convergent
shape of the duct.

Figures 5.12 and 5.13 show the side view of the NACA ram-air inlet of Configuration 2 with the
hinged and the morphing flap, respectively.
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Figure 5.12: Side view of Configuration 2 - 55 [mm] opening with hinged flap of the lower surface of the NACA ram-
air inlet and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is
indicated in blue.

Figure 5.13: Side view of Configuration 2 - 55 [mm] opening with morphing flap of the lower surface of the NACA ram-
air inlet and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is
indicated in blue.

From Figure 5.12, it can be seen that Configuration 2 with an opening of 55 [mm] with a hinged
flap two kinks. One kink on the closure flap is located around x/c = 0.55 at the ’axis of rotation’ at
which the hinged flap is attached to. The other kink is the Kink no.1 located around x/c = 0.90 on
the first rigid plate of the hinged flap. As explained earlier, Kink no.2 is a pronounced kink at the
hinge for certain deflections. For Configuration 2 with an opening of 55 [mm], there is a smoother
transition between the two rigid plates such that Kink no.2 has a relatively favourable geometry. In
a general case, Kink no.2 shall be located around x/c = 1.0 beneath the NACA ram-air lip. In Figure
5.12, Kink no.2 is hardly visible. Figure 5.13, it can be seen that the morphing flap is very smooth.
One thing to mention is the ’axis of rotation’ around x/c = 0.55, which is slightly less smooth in the
morphing flap case compared to the hinged flap case.

Figure 5.14 shows the Cp -plots of the ramp floor and the closure flap of the NACA ram-air inlet
between the hinged flap and the morphing flap of Configuration 2 with an opening of 55 [mm].
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Figure 5.14: Cp -plots of Configuration 2 - 55 [mm] opening with hinged flap and morphing flap. x/c is the normalised
x-distance.

In Figure 5.14, it can be seen that there is a suction peak around x/c = 0.55 for the morphing flap
case. As explained earlier, this location of the ’axis of rotation’ of the flap is slightly less smooth in
the morphing flap case compared to the hinged flap case, therefore causing a suction peak. Since
the geometry of the morphing flap at this particular point is still smooth, the suction peak is not very
strong. There is no suction peak present in the hinged flap case because the transition at the ’axis of
rotation’ of the flap is very smooth. The pressure peak is followed by an adverse pressure gradient up
to x/c = 0.90 the location of Kink no.2 in the hinged flap. The pressure increases gradually beyond
the NACA ram-air lip into the duct.

Figures 5.15 and 5.16 show the side view of the NACA ram-air inlet of Configuration 3 with the
hinged and the morphing flap, respectively.

Figure 5.15: Side view of Configuration 3 - 95 [mm] opening with hinged flap of the lower surface of the NACA ram-
air inlet and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is
indicated in blue.
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Figure 5.16: Side view of Configuration 3 - 95 [mm] opening with morphing flap of the lower surface of the NACA ram-
air inlet and the upper and lower surface around the NACA ram-air lip: The lower surface of the NACA ram-air inlet is
indicated in blue.

From Figure 5.15, it can be seen that Configuration 3 with an opening of 95 [mm] with a hinged
flap has three kinks, similar to Configuration 1 with an opening of 15 [mm] with a hinged flap. One
kink is present around x/c = 0.55 at the ’axis of rotation’ of the hinged flap. Kink no.1 is located
around x/c = 0.90 and Kink no.2, which is located downstream of the closure flap, is located slightly
forward of x/c = 1.0. Kink no.2 in Configuration 3 is different from Kink no.2 in Configuration 1; the
local curvature in Configuration is concave, whereas the local curvature in Configuration 1 is con-
vex. It is expected that a local concave curvature results in lower supervelocity, thus a locally more
positive or less negative pressure coefficient [54].

The comparison of the Cp -plots of the ramp floor and the closure flap of the NACA ram-air inlet
between the hinged flap and the morphing flap of Configuration 3 with an opening of 95 [mm] is
shown in Figure 5.17.
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Figure 5.17: Cp -plots of Configuration 3 - 95 [mm] opening with hinged flap and morphing flap. x/c is the normalised
x-distance.

In Figure 5.17, it can be seen that the case with hinged flap produces a very strong suction peak
at x/c = 0.55. This is caused by the local convex curvature in the geometry. At the same location in
the case with morphing flap, it can be seen that the suction peak is not present, and the pressure
increases gradually. The location x/c = 0.90 at which Kink no.1 is located in the hinged flap case
shows an increase of supervelocity due to the local convex curvature. Since the geometry is directly
followed by a local concave curvature, it has prevented a strong suction peak between x/c = 0.90
and x/c = 1.0.
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5.4. VORTICITY

Since the NACA ram-air inlet has the characteristics that a pair of vortices is generated at the sharp
ramp edges, it is relevant to investigate the effect of vorticity on the inlet performance [16]. The
vorticity plots will be presented in this section.

For the investigation of the vorticity, two locations around the NACA ram-air inlet on the fuse-
lage were investigated. The midplane and the duct entrance plane are illustrated in Figure 5.18.

Figure 5.18: The location of the midplane and the duct entrance plane

Figures 5.19a and 5.19b show the vorticity plot at the midplane of Configuration 1 at a mass flow
rate 0.100 [kg /s] between the hinged flap and morphing flap design.

(a) Configuration 1 with a hinged flap - mass flow rate of 0.100
[kg /s]

(b) Configuration 1 with a morphing flap - mass flow rate of 0.100
[kg /s]

Figure 5.19: Vorticity-plots at the midplane for Configuration 1 with a hinged flap and a morphing flap at a mass flow rate
0.100 [kg /s]

In these figures, it can be seen that there are two regions with high vorticity flow around the
edges of the NACA ram-air with hinged flap and the morphing flap. These are originated from the
pair of vortices that is generated around the edges of the ramp for a NACA ram-air inlet. The pair of
vortices swirls around the edge towards the ramp floor of the NACA ram-air inlet, thinning out the
boundary layer. Then, since the vortices rotate towards the ramp walls (vertical sides), this results
in a thicker boundary layer.



5.4. VORTICITY 71

The vorticity plots at the midplane showed that vortices were formed at the edges of the NACA
ram-air inlet. The investigation on the vorticity continues with the vorticity plots at the duct en-
trance plane, which is located further downstream along the fuselage. Figures 5.20a and 5.20b show
the vorticity strength at the duct entrance plane of Configuration 1 with a hinged flap and a morph-
ing flap at a mass flow rate 0.100 [kg /s], respectively.

(a) Configuration 1 with a hinged flap - mass flow rate of 0.100
[kg /s]

(b) Configuration 1 with a morphing flap - mass flow rate of 0.100
[kg /s]

Figure 5.20: Vorticity-plots at the duct entrance plane for Configuration 1 with a hinged flap and a morphing flap at a
mass flow rate 0.100 [kg /s]

One must notice that there are two regions are visible in both Figures 5.20a and 5.20b. The NACA
ram-air lip divides the duct and the fuselage. A portion of the flow has entered the duct, while the
other portion flows over the fuselage. From Figures 5.20a and 5.20b, it can be seen that vortex struc-
tures are present on the fuselage skin, outside of the duct of the NACA ram-air inlet. The vortex flow
is originated from the vortices that were generated by the edges of the NACA ram-air inlet, previ-
ously explained in Figures 5.19a and 5.19b. There is a difference in the vortices between the two
cases. The vortex core that flows over the fuselage is stronger for the case with the hinged flap than
the case with the morphing flap. Another detail that can be spotted, the amount of vortex flow that
is ingested into the duct of the NACA ram-air inlet is higher for the hinged flap case, indicated by
the high vorticity region in green in Figure 5.20a. The ingestion of vortex flow by the NACA ram-air
inlet decreases the inlet performance.

Previously, Configurations 1 with a hinged flap and morphing flap at a mass flow rate of 0.100
[kg /s] were compared. In order to gain more understanding about the behaviour of the vortex flow
around the NACA ram-air inlet, the vorticity plots of the same Configuration 1 at a higher mass flow
rate of 0.300 [kg /s] will be presented.

Figures 5.21a and 5.21b show the vorticity strength at the plane of the duct entrance of Configu-
ration 1 with a hinged flap and a morphing at a mass flow rate 0.300 [kg /s], respectively.
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(a) Configuration 1 with a hinged flap - mass flow rate of 0.300
[kg /s]

(b) Configuration 1 with a morphing flap - mass flow rate of 0.300
[kg /s]

Figure 5.21: Vorticity-plots at the duct entrance plane for Configuration 1 with a hinged flap and a morphing flap at a
mass flow rate 0.300 [kg /s]

From Figures 5.21a and 5.21b, it can be seen that there are vortex structures present inside the
duct and outside near the fuselage. For Figure 5.21a, Configuration 1 with a hinged flap shows that
a large amount of vortex flow is ingested into the duct. The high turbulent flow is located near the
sides and the top surface of the duct. This is different in the other case, Configuration 1 with a mor-
phing flap, as less vortex flow is ingested by the duct and more vortex flow is spilt over the lip to the
fuselage. The two vortex structures near the fuselage can be seen in the morphing flap case, shown
in Figure 5.21b. These structures have higher core strength and are larger in size in the morphing
flap case. Increasing the mass flow rate causes the vortex strength to be stronger, but also a larger
portion of the vortex flow is ingested into the duct.

The vorticity plots were analysed at the midplane and duct entrance plane, which are perpen-
dicular with the flow direction. The side view of the vorticity plots of Configuration 1 with mass flow
rates of 0.100 and 0.300 [kg /s] are shown in Figures 5.22 and 5.23, respectively. In each figure, both
hinged and morphing cases are illustrated.

From Figures 5.22 and 5.23 (shown on the next page), it can be observed that the strong vortices
are generated around the ramp edges of the NACA ram-air ramp walls. The vortex flow is located
mainly around the edge in the upstream part of the NACA ram-air inlets. Furthermore, the strong
vortex flow is mainly found on the ramp of the NACA ram-air inlet (vorticity region in red). The high
vorticity flow removes the low-energetic part of the boundary layer, such that a larger proportion of
high energetic air is ingested by the inlet.

By further investigation, the vortex flow is split into two portions by the NACA-ram inlet lip,
which was also concluded from the vorticity plots at the midplane and duct entrance plane. In
Figure 5.22, only a small amount of the flow is ingested by the duct internally, while a large portion
of the flow is spilt over the lip and passed over the fuselage externally which is shown by the wide
vortex tube.

The vorticity plots of the side view of the NACA ram-air inlet shows the development of the
vortices inside the duct of the NACA ram-air inlet. Another difference between the hinged flap and
morphing flap case can be pointed out. From Figure 5.23, it can be seen that vortices are ingested
into the duct of the NACA ram-air inlet. In the morphing case, the stronger vortices over a larger
distance in the duct cause high pressure losses, resulting in a decrease of the inlet performance.
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Figure 5.22: Side view of the NACA ram-air inlet. Configuration 1 with a mass flow rate of 0.100 [kg /s]. The vorticity
strength [1/s] is plotted with the streamlines of the airflow. Top shows the hinged case, bottom shows the morphing case.

Figure 5.23: Side view of the NACA ram-air inlet. Configuration 1 with a mass flow rate of 0.300 [kg /s]. The vorticity
strength [1/s] is plotted with the streamlines of the airflow. Top shows the hinged case, bottom shows the morphing case.



74 5. RESULTS AND DISCUSSION

5.5. DISTORTION
While the pressure recovery and drag are the most important indications of the performance of the
NACA ram-air inlet, the distortion of the flow is an important parameter for the performance of the
heat exchanger. The NACA ram-air inlet ingests ambient air that is used by the air-to-air heat ex-
changers as the coolant [12]. For optimal operation, a uniform flow field is desired at the face of the
heat exchangers [55]. A non-uniform flow field can cause a large level of distortion to the flow which
decreases the efficiency of the heat exchanger [56]. In this section, the effect on the magnitude and
the distribution of the incoming flow at the face of the heat exchangers will be discussed. The dis-
tortion was analysed at the entrance face of the heat exchangers.

It was assumed that the heat exchangers are located downstream at the end of the closure flap
mechanism. The location, at which the distortion is analysed, is shown in Figure 5.24.

Figure 5.24: Half of the geometry of the NACA ram-air inlet is illustrated. The distortion plane is indicated in black.

Forced convection occurs in the heat exchanger since ambient air is sucked into the NACA ram-
air inlet. The formula for the rate of heat transfer Q̇ [W ] is shown in Equation 5.1 [57].

Q̇ = h A∆T (5.1)

Where h is the heat transfer coefficient [W /(m2 ·K ], A is the area of the heat transfer [m2] and
∆T is the temperature difference between the surface of the heat exchanger and the coolant [K ].

The heat transfer coefficient for forced convection is a function of the Nusselt number, shown
in Equation 5.2 [58].

Nu = hL

k
(5.2)

Where h is the heat transfer coefficient [W /(m2 ·K )], k is the thermal conductivity of the fluid
[W /(m ·K )], and L is the characteristic length [m]. The Nusselt number is related to the heat transfer
rate in a boundary layer. It was expected that the Nusselt number is a function of the Reynolds
number and the Prandtl number, which is the relative thickness of the momentum diffusivity and
the heat diffusivity [58]. The general relation of Nusselt number is given by Equation 5.3 [58].

Nu ∝ Rea Pr b (5.3)

Where Re is the Reynolds number, Pr is the Prandtl number, a and b are constants.



5.5. DISTORTION 75

The Prandtl number of air is constant up to a temperature of 1000 [K ] [28]. This means that the
amount of heat transfer in a heat exchanger of the aircraft is proportional to the velocity. Since the
heat exchangers are located downstream of the distortion plane, it is assumed that the x-component
of the velocity is the most prominent component of the velocity. The velocity-plots of Configura-
tions 1,2, and 3 were analysed. Not all test cases showed large differences in the velocity plots. For
this reason, a selection of the test cases with large differences in velocity-plots of each configuration
was made.

Figures 5.25a and 5.25b show the velocity-plots of Configuration 1 at a mass flow rate of 0.100
[kg /s] between the hinged and morphing flap.

(a) Configuration 1 with a hinged flap - mass flow rate of 0.100
[kg /s]

(b) Configuration 1 with a morphing flap - mass flow rate of 0.100
[kg /s]

Figure 5.25: The velocity-plots at the distortion plane for Configuration 1 with a hinged flap and a morphing flap at a mass
flow rate of 0.100 [kg /s]

From Figures 5.25a and 5.25b, it can be seen the velocity-plots of the hinged flap and the mor-
phing flap cases of Configuration 1 are very different. The locations of the regions of high- and low-
velocity occurs are mirrored along the z-axis. The region with the high velocity-component occurs in
the top right corner in the case of a hinged flap, whereas the region of the high velocity-component
is located in the top left corner in the case of a morphing flap. This region of high velocity in Figure
5.25b covers the entire left side of the duct. By replacing the conventional hinged flap with a new
morphing flap will influence the distortion experienced at the distortion plane.

Figures 5.26a and 5.26b (shown on the next page) show the velocity-plots of Configuration 2 at a
mass flow rate of 1.500 [kg /s] between the hinged flap and morphing flap.

For Configuration 2 at a mass flow rate of 1.500 [kg /s], large differences were found between
the hinged flap and the morphing flap. It can be seen that the velocity-plots at the distortion plane
have different patterns. Figure 5.26b, shows a large region of high velocity at the bottom and the
right side. A small region of low velocity is present at the bottom of the velocity plot. In Figure 5.26b,
there is a larger region of low velocity at the right bottom corner. The flow is separated at the wall.
With a conservative approach, it is assumed that the magnitude of the x-component of the velocity
is related to the efficiency of the heat transfer. The large differences in the velocity plots between
the hinged flap in Figure 5.26b and morphing flap case in 5.26b will influence the heat transfer effi-
ciency of the heat exchanger of the ECS, but this is beyond the scope of this thesis.
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(a) Configuration 2 with a hinged flap - mass flow rate of 1.500
[kg /s]

(b) Configuration 2 with a morphing flap - mass flow rate of 1.500
[kg /s]

Figure 5.26: The velocity-plots at the distortion plane for Configuration 2 with a hinged flap and a morphing flap at a mass
flow rate of 1.500 [kg /s]

Figures 5.27a and 5.27b show the velocity-plots of Configuration 3 at a mass flow rate of 2.500
[kg /s] between the hinged and morphing flap.

(a) Configuration 3 with a hinged flap - mass flow rate of 2.500
[kg /s]

(b) Configuration 3 with a morphing flap - mass flow rate of 2.500
[kg /s]

Figure 5.27: The velocity-plots at the distortion plane for Configuration 3 with a hinged flap and a morphing flap at a mass
flow rate of 2.500 [kg /s]

Figures 5.27a and 5.27b show large similarities. It can be seen that there is a region of high
velocity on the right side of the distortion plane for both cases. The magnitude of the x-component
is higher in the morphing case. Furthermore, a region of low velocity around 30-40 [m/s] can be
seen in both hinged flap and morphing flap cases. Although this region of low velocity is larger
in the case of the morphing flap. A low velocity decreases the heat transfer efficiency of the heat
exchanger. There are differences in the velocity distribution in the distortion plane, which will affect
the efficiency of the heat exchanger.



6
CONCLUSIONS AND RECOMMENDATIONS

The chapter consists of the conclusions of this thesis on the aerodynamic analysis on the perfor-
mance of the NACA ram-air inlet by using CFD simulations. The conclusions of this study will be
presented in Section 6.1. Based on the findings of this thesis, recommendations for future research
on NACA ram-air inlets are discussed in Section 6.2.

6.1. CONCLUSIONS
The research objective of this thesis is to analyse the aerodynamic effects of the closure flap mecha-
nism inside the NACA ram-air inlet. It was known that the presence of a pronounced kink between
the conventional hinged flap caused undesirable aerodynamic effects, such as pressure losses and
vibrations. The novel morphing flap as the new closure flap design was expected to improve the in-
let performance of the NACA ram-air inlet. A CFD study on the NACA ram-air inlet was carried out
to analyse the aerodynamic performance on the NACA ram-air inlet by using two different closure
flap designs. Each flap design was analysed for three different configurations in which the throat
area is varied. The mass flow rate was varied in the CFD simulations.

The analysis has demonstrated that the configuration with the smallest throat, Configuration
1 with an opening of 15 [mm] inside the NACA ram-air inlet showed a significant improvement in
pressure recovery. The largest improvement in terms of pressure recovery was found for Configura-
tion 1, which was found to be 13.5% at a low mass flow rate of 0.100 [kg /s]. The relative difference
between the maximum pressure recovery between the morphing flap and the hinged flap for Con-
figuration 1 was found to be slightly more than 10%. After the maximum pressure recovery for Con-
figuration 1 with the morphing flap has been reached, the pressure recovery decreases significantly
with increasing mass flow rates.

The deterioration of the performance of the morphing flap was explained as follows. The throat
of Configuration 1 with morphing flap lies more downstream than in Configuration 1 with hinged
flap. Due to the difference in geometry, the pressure recovery was also measured further down-
stream for the morphing flap. This causes more pressure loss due to skin friction, reducing the
measured pressure recovery.

By assessing the Cp-plots of the ramp and the closure flap between Configuration 1 with a
hinged flap and a morphing flap, it was shown that a strong suction peak was present at the lo-
cation of the sharp kink, Kink no.1 in the hinged flap. This kink has been eliminated by the smooth
characteristics of the morphing flap, minimising the local supervelocity. This means that the strong
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adverse gradient is reduced, such that the onset of flow separation is delayed, minimising pressure
losses. For Configuration 1, the maximum drag improvement by replacing the hinged flap with the
morphing flap was 33.1%.

The pressure recovery of Configuration 2 with a morphing flap, compared to Configuration 2
with a hinged flap, is higher for most mass flow rates. Although the Cp-plot between Configuration
2 with a hinged flap and a morphing flap showed that there was a suction peak located at the ’axis of
the rotation of the flap’, this suction peak was not strong due to the smooth geometry of the hinged
flap.

The pressure recovery of Configuration 3 with a morphing flap was lower for most mass flow
rates compared the Configuration 3 with a hinged flap. This was caused by the larger ramp angle in
the morphing flap that causes high obliquity and high spillage of the flow, resulting in large pressure
losses.

The maximum pressure recovery is the point at which the pressure losses due to vortex cores
and boundary layer are minimal. For low mass flow rates, a larger portion of the airflow is not being
ingested into the NACA ram-air inlet but spilt over the NACA ram-air lip. The effect of the vortices on
the thinning out the boundary layer is weaker. Beyond the maximum pressure recovery, the effect
of thinning out the boundary layer is outweighed by the detrimental effect of vortex ingestion. This
was shown in the vorticity plots. Vortex ingestion is high, which results in higher pressure losses due
to vortex cores.

By calculating the relative difference of the pressure recovery of the configuration with the mor-
phing flap with respect to the configuration with the hinged flap, it can be found that the largest
improvement was found at low mass flow rates. The largest improvement in pressure recovery was
found on Configuration 1 with an opening of 15 [mm] to be 13.5% at a low mass flow rate of 0.100
[kg /s]. The relative difference of the drag counts of the configuration with morphing flap with re-
spect to the configuration with the hinged flap was calculated. It was observed that the configu-
ration with morphing has an improvement in its drag performance for a broad range of low mass
flow rates. The largest improvement in drag can be found for low mass flow rates, especially for
configuration with the smallest throat: Configuration 1 with an opening of 15 [mm]. From the drag
envelope, it was found that the maximum drag improvement of the morphing flap with respect to
the hinged flap is 33.8% at a mass flow rate of 0.100 [kg /s].

6.2. RECOMMENDATIONS FOR FUTURE WORK
This section presents the recommendations for future research on NACA ram-air inlets with the clo-
sure flap design.

In this thesis, the main goal was to compare the differences in the inlet performance by replacing
the conventional hinged flap design with a morphing plate. The results were obtained by using CFD
simulations. Since no comparable research on NACA ram-air inlets with closure flap deflections has
been conducted yet, the results of the CFD simulations have not been validated. It is recommended
to validate the accuracy of the CFD results with data obtained from wind tunnel experiments or test
flights.

In this thesis project, the aerodynamic analysis on the performance of the NACA ram-air inlet for
two different closure flap designs was conducted at a low-speed Mach of 0.2 at sea-level conditions.
It is expected that the kinks in the hinged flap cause stronger undesirable effects at high-speed. Fur-
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thermore, since low-speed CFD analyses were done in this thesis the drag reduction of the NACA
ram-air inlet is not a good representation for an Airbus A320 in cruise flight. By conducting a high-
speed analysis with the corresponding cruise conditions on the similar NACA ram-air inlet with
hinged flap and morphing flap, a good calculation on the fuel savings in cruise can be made.

The NACA ram-air inlet was modelled on a flat plate, which is different from the real ram-air
inlet component on an aircraft. It is recommended to model a full aircraft in order to gain more
insights about the influence of the boundary layer of the fuselage on the inlet performance.

The curves of the morphing flap were obtained from experimental bending tests. The morphing
flap was installed on a full-scale test demonstrator based on the dimensions of the real NACA ram-
air inlet. Due to the geometrical differences between the design of the hinged and morphing flap,
the location of the throat area was varied for different flap deflection. Especially, the throat area of
the closed Configuration 1 with the morphing flap was located more downstream in the duct, while
the same Configuration 1 with the hinged flap had the throat area located in the vicinity of the NACA
ram-air lip. It is expected that the location has influenced the calculation of the pressure recovery
at the throat. It is recommended to investigate the pressure recovery for Configuration 1 with the
morphing flap at the same location of the throat area in Configuration 1 with the hinged flap.

The vortices that are created by the NACA ram-air inlet thins out the boundary layer. Since the
CFD simulations were conducted in RANS, the turbulence scale structures in the flow may not be
fully captured. The complex interaction of the boundary layer and the vortices that are generated
around the edges of the NACA ram-air inlet may not be fully understood using RANS. Unsteady-
RANS (URANS), LES or DNS simulations can be conducted to gain more insights in the boundary
layer and vortex interaction in the NACA ram-air inlet [59].

A combination of structured and unstructured meshes, a hybrid mesh, was used for the CFD
simulations. The generation of a structured mesh around the intersection of the NACA ram-air lip
and the edges is very difficult due to the complexity of the NACA ram-air inlet. Since the NACA
ram-air inlet is a complex geometry, a well-defined structured mesh can be a very challenging and
time-consuming task. The structured mesh has advantages too. The connectivity of a structured
mesh is more efficient than an unstructured mesh. This leads to lower memory requirement. A
structured mesh allows the user to have more control over the refinement of the mesh. This can
lead to a lower cell count, which reduces the run time of the CFD simulations. The cells of the struc-
tured grids are also better aligned with the flow, leading to better convergence.

Essentially, the performance of the NACA ram-air inlet for different sets of flap designs and con-
figurations was studied. The NACA ram-air inlets are not the only type of submerged inlets used on
aircraft, parallel-walled inlets are also used (on the Airbus A380). A similar study can be done on the
effect by replacing the conventional closure flap on the parallel-walled inlet with a morphing flap.
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APPENDIX A: GEOMETRICAL SHAPE DATA

OF THE NACA RAM-AIR INLET

Figure A.1: Data points of the NACA ram-air inlet shown in CATIA
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Table A.1: Coordinates of the NACA ram-air inlet

x in [mm] y in [mm] z in [mm]

confidential

x in mm x in mm x in mm

confidential
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