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ABSTRACT
This work presents selected results of an unconventional aircraft development campaign. Engine installation at the rear 

part of the fuselage imposed design constraints for air intakes that should be used for cooling purposes. Trial and error flight 
tests increased the development cost and time which required a more sophisticated analysis through computational fluid 
dynamics (CFD) techniques and robust semiempirical approach. The carried-out investigation of the air intakes started with 
an empirical approach from guidelines for designing NACA and scoops. Numerical studies via computational fluid dynamics 
were performed with the air intakes installed in the aircraft fuselage. An analysis based on the air intake efficiency, drag 
and the effect of angle of attack are detailed in this work. Different air intakes designs, such as scoops of different shapes, 
were evaluated seeking for improved air intake efficiency and low drag while providing enough air for cooling the engine 
compartment. The results showed that the numerical approach used herein decreased the development cost and time of 
the aircraft, providing a reasonable low-cost approach and leading to a design selection more easily. Based on the current 
approach the canard airplane geometry was changed to account for the new selected air intake for engine cooling purposes.
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INTRODUCTION

Air intakes of different shapes and sizes are commonly used for several systems of an airplane, especially to provide fresh 
air for any air-breathing device or even for cooling down components. Examples of its applications are air conditioning 
system and ventilation of hydraulic and fuel lines as well as engine cooling inside its compartment. According to literature, 
Laruelle (2002), El-Sayed and Emeara (2016), among others, at least two types of air intakes are commonly seen: NACA 
air-intakes and scoop intakes. Often, these air intakes are also called auxiliary air intakes and can be applied to either 
receiving ram air for engine breathing or cooling it down, depending on the aircraft design. One very interesting view of 
the application of such air intakes is seen on canard-type aircrafts, which have in general the engine mounted in the rear 
part of the fuselage – pusher configuration – as seen on Fig. 1. Usually, canard aircrafts are motorized with jet engines for 
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high speed and propellers for low-speed flight. In the class of propeller-driven airplanes, the engine cooling is a challenge 
due to the intake only rely on the ram air without the propeller slipstream. Also, internal flow drives the position of the 
intakes, as the air must pass through all cylinders in a transversal way if the engine is of the air-cooled type – Stalewski 
and Żółtak (2014).

 
 

Figure 1. Typical canard-type aircraft. (Courtesy of FABE Ltd.).

The intake-type selection depends strongly on the design requirements imposed to the aircraft and is also related to the 
ambient conditions. In fact, during the aircraft design process different types of air-intakes should be considered, evaluated and 
compared, to achieve the main target to mass flow by minimally impacting the aircraft aerodynamics performance, especially in 
terms of drag penalty.

Since aerodynamic drag of an air-intake could not be neglected, the design selection must also account for it, associated as 
well as with mass flow rate, pressure recovery, water or ice-ingestion and structural loading and assembly. Some advantages are 
seen for NACA-type air-intakes since it has no external projections, as shown in Fig. 2, resulting in low aerodynamic drag and no 
requirements for specific structural reinforcements, causing no impact on the weight of aircraft. However, this type of air intake is 
generally less efficient than a scoop mainly due the difficulty to achieve higher dynamic pressure and flow volumes. Its operation 
is based on the combination of a diverging ramp and the curvature profile of the side walls which crates counter-rotating vortices, 
deflecting the boundary layer away from the inlet and promoting potential flow (Frick et al. 1945).

Figure 2. NACA-type air intake.

The other type of air-intake is the scoop, as illustrated in Fig. 3. Unlike a flush-air-intake, the scoop presents external projections 
designed to capture air outside the boundary layer, thereby recovering higher dynamic pressure and leading to a higher efficiency 
(Seddon and Goldsmith 1999). The major disadvantage of this type of installation is related to a drag penalty and the protuberance 
into the flow which impacts the aircraft weight and performance. Another disadvantage associated with ingestion of water, foreign 
objects and the formation of ice at the air entry must be highlighted (Faria and Oliveira 2002).
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Figure 3. Scoop-type air intake.

Traditionally, at least three parameters are very important to look at to evaluate the performance of the air intakes: The first is 
the mass flow of air that enters the air-intake or, more precisely, the ratio between this mass flow and the theoretical mass flow that 
would be in the entrance under conditions of undisturbed flow; the second is the dynamic pressure recovery efficiency of the entry, 
which is defined as the ratio between the dynamic pressure in the throat of the intake and dynamic pressure in the undisturbed 
flow; the last one is the drag coefficient generated by the air-intake itself. To analyze all these parameters, a rational method must 
be available with satisfactory results and reasonable cost for industry. In this context, what is accessible related to the design of 
conventional air intakes is published in Engineering Sciences Data Unit (ESDU 2004). This database was based on experimental 
data which conclude that dynamic pressure recovery efficiency is strongly influenced by variations in mass flow. Also, increasing 
thickness of the boundary layer results in low efficiency while a uniform and continuous flow at the entrance of the throat is desirable 
for applicability. It is a semiempirical approach suitable for a preliminary air intake design, according to Rütten et al. (2009).

On the other hand, most of recent studies involving application of air-intakes for the aeronautical industry use computational 
fluid dynamics (CFD) techniques for the analysis and selection (Taskinoglu and Knight 2003). For instance, Shams and Masud 
(2015) presented a numerical analysis of NACA flush-intakes at high sub- and supersonic free stream Mach numbers. In their work, a 
comparison of different turbulence models was performed showing the effect of the turbulence modeling in quantities like mass flow 
rate and total pressure recovery. The work of Liu et al. (2013) also applied CFD simulations to analyze the flow characteristics in the 
engine compartment of a light aircraft. A complete model was used with air intake, air duct, guide vane, and air outlet were designed. 
The conceptual design decision was taken by considering only the CFD results with no experimental validation. Stalewski and Żółtak 
(2014) presented a preliminary design of the air-intake system in a small propeller aircraft by means of a parametric study involving 
in-house software for modeling the aircraft and CFD coupled with a virtual blade model. The air-intake system was analyzed taking 
into account pressure losses, quality of air stream and effectiveness of particles separator installed in the turboprop engine. Different air-
intake types for bleed less aircrafts were evaluated by Rütten et al. (2009) trying to come up with a methodology for comparing the 
efficiency of such intakes and their impacts on the overall aircraft performance. The analysis was performed through CFD calculations. 
Another interesting work is given by Koch et al. (2015), who developed an experimental study on the effect of boundary layer ingestion 
into highly integrated intakes. Due to the circular shape of the air intake, the performance was discussed in terms of circumferential 
distortions and total pressure recovery. The work of Pignier et al. (2016) presented an aerodynamic and aeroacoustics analysis of 
submerged air intakes at low Mach numbers. In this study, a focus was given to the flow dynamics and the noise characteristics, showing 
the capabilities of the numerical methods applied to solve the coupled problem – aerodynamics and acoustics.

For the general aircraft market comprising small airplanes, such as canard-type, only few works are presented in the open 
literature regarding this subject. In this case, the implementation of such air-intake is based on experience and simpler design 
rules with low cost and time, since financial resources are stricter for this class of aircraft manufacturers. By considering such 
fact, one of the goals of this research is to analyze the variation of the air-intake efficiency, using CFD for obtaining results that 
allow the selection of an air intake with minimum aircraft performance penalty and good cooling characteristics for the engine 
compartment, while reducing the trial and error flight-test cost and time. To achieve this, a set of numerical studies were performed 
with different shapes of air intakes mounted on the aircraft fuselage. These simulations were performed using Reynolds-averaged 
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Navier–Stokes (RANS) simulations by means of shear stress transport (k-ω SST) turbulence model. An analysis based on the air 
intakes efficiency, drag and the effect of angle of attack (flow field pattern) are detailed in the results section achieving considerable 
reduction in the development time and cost and leading to a design selection more easily.

CASE-STUDY DESCRIPTION

The case study is a canard-type aircraft named Bumerangue EX-27 Cross-country in the general aviation category (experimental 
aircraft). This is a four-place aircraft, monoplane, single engine installed in the pusher configuration, with retractable landing 
gear. The powerplant system is composed by a Continental TSIO 360 EB Turbo – air refrigerated developing 210 HP at 2700 rpm 
and equipped with a MT propeller with stainless steel protection and fiberglass. Due to its geometric configuration, this type of 
aircraft has a piston engine mounted in a pusher configuration in the rear part, behind the cabin, which needs cooling during 
flight. Figure 4 provides a general view about the Bumerangue EX-27 Crosscountry aircraft.
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Figure 4. Bumerangue EX-27 Cross-Country (Courtesy of FABE Ltd.).

During the test-development campaign of this aircraft, the need to reduce the temperature inside the engine compartment 
was identified. Figure 5 illustrates one of the flight tests where wool tufts were applied to visualize the flow in region of the air 
admission for the engine. Quality of figure was restricted to the resolution of the camera taken on-board (on wing) at the time 
of the flight-test campaign.

Zoom at NACA 
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Figure 5. Wool tufts visualization – flight-test at 3,000 ft with 120 knots (courtesy of FABE Ltd.).
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To provide the necessary air flow for preventing the engine overheating, three new air intakes were designed in addition 
to the existing one, called “standard” from this point forward (Figs. 6 and 7). According to Fig. 6, circular and semicircular 
scoops were designed. Figure 7 shows the description of the air intake NACA-type. The standard air intake was considered 
at early stages of the flight-test development campaign to avoid any engine overheating and, consequently, damage of the 
propulsion system. The details about the dimensions used to create the circular, elliptic and NACA air intakes are showed 
in the next section.

Standard Air-intake

Circular Scoop

Semi-circular Scoop

Figure 6. Overall description of air intakes.

Figure 7. Overall description of the NACA-type air intake.

SEMIEMPIRICAL MODELING

Previous calculations for sizing a NACA air intake for the airplane have been performed with the use of a well-known 
semiempirical method (ESDU 2004). The following sections describe the calculations done by each air intake evaluated.

NACA air intake
To predict and calculate the parameters from the flush intake (NACA), this semiempirical method utilizes a catalogued 

database to compute the drag and pressure recovery of small auxiliary air intakes totally or partially immersed in the boundary 
layer (Fig. 8). This approach is suitable at subsonic speeds. Essentially, the theory of two-dimensional boundary-layer calculation 
is used as reference and modified in the light of the available experimental data.

The flight test was carried out at two specific angle-of-attack (AOA) conditions in a nonstandard atmosphere, which resulted in 
an international standard atmosphere (ISA) + 16 °C. Table 1 summarizes these specific conditions: a) cruise condition at 2° AOA; 
b) critical condition at 15° AOA, emulating a take-off flight path.
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Figure 8. Geometric parameters for flush intake (NACA), after ESDU (2004).

Table 1. Design operational condition (ISA+16 °C).

Parameters Operational Condition

Speed 122 knots (61.73 m/s)

Angle of Attack 2° and 15°

Altitude 3,000 ft (914.4 m)

Temperature 25 °C

Density 1.211 kg/m3

Pressure 90,812 Pa

According to the manufacturer (FABE Ltd.).

Using the ESDU with the objective of corroborating the further CFD calculation, the following variables are given with their 
respective values in Table 2, which are the mass flow, the boundary-layer thickness and the boundary-layer momentum thickness, 
considering also the throat aspect ratio and a ramp angle. This NACA parameters leads to the minimum size of the flush intake 
to provide air to the engine, based on the engine cooling requirements specified by the engine manufacturer.

Before proceeding with the theoretical calculation, it is important to note that some evaluated data were taken from specific 
figures from ESDU database. These figures will not be reproduced herein; for brevity, results will be shown to the main parameters 
in the database computation. The reader should go for details in ESDU (2004).

A set of calculation using ESDU led to resizing the original design. At the operational condition of the airplane, the new mass 
flow has been targeted to 0.060 slug/s after a more detailed analysis and data verification with the engine manufacturer. By applying 
the calculation procedure, guided within ESDU (2004), the values found were listed below:

Table 2. Flush intake design parameters.

ESDU parameters Units

m 0.060 slug/s*

δh 0.1 ft

θ0 0.01 ft

αramp 7°

w/dt 4

*According to cooling flow.
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	 dt=0.060 m
	 w=dt×4=0.24 m
	 l=t=0.25⋅dt=0.015 m

The maximum external height of the intake, dmfl and the lip highlight height, d1fl, determined in the intake plane relative to 
the ramp floor, are calculated by Eqs. 1 and 2:

	 dmfl=dt+t-ll tan α = 0.073 m	 (1)

	 d1fl=dt+0.5t-ll tan α = 0.065 m	 (2)

with a mass flow ratio of mT/m0 ≈ 0.89.
By following this procedure, the new NACA air intake design was targeted to mass flow instead of designing it for 

maximum efficiency. With the intake dimensions determined, the calculation of the drag coefficient for the flush intake CDfl and ram 
pressure efficiency hfl proceeded in an identical manner to that set out in Silveira et al. (2017). The values are summarized below:
	 CDfl =1.328
	 ηfl=0.727

Therefore, using this tabulated semiempirical approach, it was possible to obtain the parameters for designing a new flush 
intake (NACA), whose final dimensions are specified in Fig. 11.

Scoop air intake
The calculation procedure, as described in ESDU (2004), has been applied to define the scoop intake designed for full mass 

flow, as prescribed in Table 2. According to the theoretical approach, the scoop sizing led to the following values, according to 
the geometric parameters in Fig. 9:
	 d1sc=0.1267 m
	 d1u=0.1327 m
	 lf=0.5237 m
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Figure 9. Geometric parameters for scoop intakes, after ESDU (2004).

By following this procedure, the scoop intake was targeted to mass flow instead of designing it for maximum efficiency. 
With the intake dimensions determined, the calculation of the drag coefficient for the scoop CDsc and ram pressure efficiency hsc 
proceeded. The values are summarized below:
	 CDsc =2.074
	 ηsc=0.99
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Standard and elliptic air intake
The additional standard and elliptic air intakes were designed respecting the mass flow rate by changing the entry area 

and by adding fairings to final assembly. As shown in Figs. 10, 11 and 12, except for the standard intake, the elliptic drawing 
is a geometric adjustment of the circular scoop intake as described by the semi-empirical method. The standard air intake was 
a previous design manufactured by the FABE Ltd., as previously mentioned, to avoid any damage for the engine during initial 
flight-test campaign.

 

Figure 10. Standard air intake (Courtesy of FABE Ltd.).
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Figure 11. Geometric parameters for air intake; (a) standard; (b) circular scoop.

NUMERICAL APPROACH

A Reynolds-averaged Navier–Stokes (RANS) approach was used in this work as a design tool and selection for the best suited 
air intakes for engine cooling in a canard-type aircraft. The incompressible steady-state equations of motion were solved for several 
different three-dimensional domains involving the canard airplane and its air intakes. The governing equations were solved with 
a second order accuracy through a finite volume formulation employed by the METACOMP CFD++ software.
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Figure 12. Geometric parameters for air intake. air intake; (a) Semicicular scoop (b) NACA.

Turbulence modeling
Due to the expected flow pattern over the airplane which exhibits regions of detachments and locations of strong pressure 

gradients, a turbulence model suited for this class of problem has been chosen. For the turbulence modeling, the k-ω SST (Menter 
1993) turbulence model was applied, based on experiences acquired in the past works with RANS equations applied to external 
flows with boundary layer detachment. The k-ω SST model is a turbulence closure comprising a transport equation for the 
turbulent kinetic energy (k) and specific turbulence dissipation rate (ω). This model seems to provide reasonable results for external 
aerodynamics analysis and have been well documented in literature (Menter 1993; 1994). The RANS equations in conservation 
form for an incompressible fluid are presented in Eqs. 3 and 4 (Wilcox 1998).

	 � (3)

	 � (4)

where Sij is the mean strain-rate tensor showed in Eq. 5.

	 � (5)

The turbulence kinetic energy (k) is shown in Eq. 6 and the Eddy viscosity is defined in Eq. 7.

	 � (6)

	 � (7)

The specific turbulent kinetic energy dissipation rate (ω) is defined in Eq. 8.

	 � (8)
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For brevity, the additional model functions and description such as F1, CDkw, τij, γ1, ϕ and the coefficients of the k-ω SST 
turbulence model are not presented here. More details about these parameters could be found in Wilcox (1998), as well as 
Metacomp Technologies (2014).

The complete system of equations was solved by the CFD code in a three-dimensional domain with second order accuracy by 
running 3,000 iterations and until the residues fall 5 orders of magnitude. Further details about the domain and the meshes used 
in this work are described in the subsequent sections.

Computational domain and boundary conditions
The computational domain used is a hemisphere of radius equal to 50.5 times the length of the aircraft. Figure 13 illustrates 

this domain, out of scale for better viewing.

P∞, U∞

P∞
U∞

50 L 50 L
L

Airframe

Airframe

Farfield

Farfield

Symmetry

Figure 13. Front and side views of the computational domain used (out of scale).

The domain size was based on preliminary testing and similar works (Faria and Oliveira 2002). The boundary conditions 
applied considering all solid surfaces for the entire airplane, a so-called free stream (far field) was used in the hemisphere portion 
of the domain, where flow velocity (axially) as described in Table 1. As a half-domain simulation, the symmetry condition was 
considered in the mid-plane of the aircraft fuselage. The sizing of the computational domain as well as the boundary conditions 
have been adjusted based on previous experiences as described by Silveira et al. (2017) and Almeida and Souza (2017).

Computational mesh
The mesh used was an unstructured tetrahedral with prisms surrounding the fuselage, aiming at a good characterization of the boundary 

layer. Using Ansys IcemCFD software, the mesh was generated and had approximately 9 million elements for all geometries proposed. A 
prism layer covers all the walls assuring a y+ value of 30. A mesh illustration is presented in Fig. 14. As illustrated, volumetric control by 
means of density regions were used near the air intakes to refine the mesh locally and to guarantee a better result. Previous meshes with 3 
and 6 million elements were considered as a mesh refinement study. By considering the stabilization of the drag value for the NACA air-
intake calculation, it was achieved with the 9 million elements and the mesh parameters were extended to the other air-intake geometries.

Figure 14. Mesh view, highlighting portion with the air-intake geometry.
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Keeping the mesh parameters constant for the whole domain, only the highlighted portion in Fig. 14 had spatial and 
discretization variation according to the simulated case. Figure 15 shows in detail the mesh generated in this region for each 
of the proposed cases. It is also important to say that to simulate boundary layers in turbulent flow requires fine grid spacing 
near the walls, closely dependent on the choice of the turbulence model (Chitale et al. 2014). In this work, the wall modeling 
was assumed as a tradeoff between computational resource available and reliability on the results leading to the requirement 
that the first cell height was beyond the viscous sublayer and into the log-layer or overlap region (y+ ~ 30). In such a way, it 
was possible to assure that the results were asymptotically converged for drag values (DCd between the configurations) and 
are expected to be in accordance with other works in literature such as Jongen (1992), Knopp (2006) and Chitale et al. (2014) 
among others, at the time of this research.

Standard

Elliptic

Circular

NACA

Figure 15. Mesh details for each air intake geometry.

The next section shows the results obtained with the RANS simulations of these four air-intake geometries at two different 
angle-of-attack conditions: (AOA = α = 2°) at cruise condition and (AOA = α = 15°) emulating take-off condition. The results are 
evaluated in terms of air intakes efficiency, drag, and the effect of the angle of attack α.

RESULTS

With the purpose of solving this engine cooling problem for a canard-type aircraft, a good air-intake design is achieved 
when the air flow that enters the intake is enough to keep the engine cooled in any flight condition, with a minimal drag 
addition and maximum efficiency. Aiming those conditions, the previous geometries and conditions where simulated. 
As a designing and selection engineering tool, absolute values were not recorded in this work, but rather the difference 
between them.

Effect of α (angle of attack)
To analyze the global effect of α in the flow and to prevent repetitive results, initially the simulations in the following section 

present only the standard intake. The angles of attack of 2° and 15° where tested and Fig. 16 shows the symmetry plane with 
velocity streamlines for these conditions.
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(a)	 (b)

  

Figure 16. Streamlines in the symmetry plane for (a) α = 2°, (b) α = 15° – standard air intake.

It is possible to see in Fig. 16 that the flow changes dramatically over the region of the air intake with a change in the AOA. 
With the increase of the AOA, it is expected that the air intake will be subjected to a more disturbed flow upstream, which can 
compromise its efficiency. To check this effect, Fig. 17 shows the increase in turbulent kinetic energy (k) for the simulated angles 
a, presenting a sudden augmentation in the flow turbulence along the canard, the main wing (due to separation) and the region of 
the air intake. What is interesting to observe in Fig. 17 is that, despite the increase in flow turbulence in the canard and the wing, 
this effect is not perceived by the air intake, since there are no disturbances being carried to the air inlet.
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Figure 17. Turbulent kinetic energy (k) for (a) α = 2°, (b) α = 15°.

Besides the expected increase in lift, drag and turbulent kinetic energy in the take-off emulation condition, it is highly important 
to know the changes in the flow that is being diverted to the air intakes. Figure 18 shows the velocity streamlines entering the standard 
air intake in the two test-cases for (a). It is important to observe that the air flow that entries the intake comes from completely 
different regions as the angle of attack changes from 2° to 15°. At the low AOA, the flow that arrives at the air intake follows the 
fuselage and it is almost aligned without major changes in its direction. The air intake at this flight condition is receiving almost 
undisturbed flow and it is expected to have higher efficiency. For the takeoff condition at 15°, it is possible to see that the upcoming 
flow is being diverted by the canard and reaches the entry of the air intake with little disturbance. Surprisingly, the canard does 
not affect negatively the flow and it is also expected that even at this higher AOA the air-intake efficiency must be high enough. 
It is important to say that this trend is seen in the other simulation results for the other air intakes.

(a)	 (b)

 

Figure 18. Streamlines entering the standard air intake for (a) α = 2°, (b) α = 15°.
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A close look at Fig. 19 shows the velocity streamlines that entry each of the intake geometries proposed. Due to similarity in 
the results for the flow field in that region, for AOA 2° and 15°, only α = 2° is shown in Fig. 19.

Standard

Elliptic

Circular

NACA

Figure 19. Streamlines for α = 2° entering the different air intake geometries.

Figure 19 reveals that some streamlines that comes out of the intake throat can be notice in the standard and NACA 
geometries, what is called the “spillage” of the air intake. This flow pattern indicates that the air is being spilled out and, therefore, 
not all its area is useful with consequently reduction in the air-intake efficiency and increase in the drag. Also, it is interesting 
to observe that both circular and elliptic air intakes are completely receiving undisturbed air flow, without showing any spillage, 
and, therefore, it is expected to have more efficiency that the others ones. Although the velocity streamlines for both a look 
alike, the dynamic pressure contour in the intake throats on Fig. 20 show some differences. These differences are in accordance 
with the flow field analysis performed, which were useful to better understand and to verify the influence of the angle of attack 
and the canard on the air intakes.
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Figure 20. Dynamic pressure contour (Pd) on intakes throat.
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Air intake efficiency
The efficiency of an air intake is given by the relationship between the dynamic pressure at the throat and the dynamic pressure 

at infinity (free stream), so-called ram recovery ratio or pressure recovery, noted h in this paper and defined in Eq. 9:

	 � (9)

where PT,1 and PT,0 are the total pressures, PT,1 measured at the duct entrance (cross-sectional plane) and PT,0 at the far field, 
respectively. P0 is the static pressure of the free stream.

According to El-Sayed and Emeara (2016), the pressure recovery depends on a wide variety of factors, including the shape of 
the inlet, the speed of the aircraft, the airflow demands of the engine, and aircraft maneuvers.

Thus, the contours of dynamic pressure considered at the duct entrance plane for each air intake is illustrated in Fig. 20 for 
the two AOAs (α = 2° and α = 15°), as previously discussed. Regions of low dynamic pressure are mainly associated to losses 
into the flow such as vortices being generated by the presence of the air intake as well as flow boundary-layer separation in the duct, 
mainly at higher angles of attack. As seen in Fig. 20, the presence of these regions of low dynamic pressure are clearly observed 
for the standard and NACA air intakes, as well as in the bottom part of the elliptic intake.

By taking averaged-values of dynamic pressure (Pd) in the intakes throat (integration of node values at the cross-sectional area) and 
its value far away from the aircraft (far field), it is possible to calculate the intake efficiency from Eq. 9. These results are shown in Table 3.

Table 3. Mean dynamic pressure (Pd) in [Pa]* and ram recovery ratio (h).

α Standard Circular Elliptic NACA

2° 1472.677 1802.407 1760.950 1472.388

h(2°) 0.64 0.78 0.76 0.64

15° 1441.436 1835.240 1804.893 1537.987

h(15°) 0.62 0.79 0.78 0.67

*Measured at the intake throat.

By analyzing Table 3, it is possible to conclude that the circular and elliptic intakes have the highest efficiency (closer to 
unity), and that the angle a does not modify the results substantially. It is important to remember that the uniformity of results 
over the flight conditions is desirable for this class of problem, assuring right flow through the engine compartment (El-Sayed 
and Emeara 2016; Rütten et al. 2013). Great changes in efficiency could mean that the intake is wrongly placed in the fuselage. 
As mentioned earlier, the numerical approach has been utilized as a selection tool for choosing the best air-intake configuration. 
So, Fig. 21 illustrate the comparison of the air-intake efficiency for each configuration tested by considering both AOA (α =2, 
cruise condition and α =15, takeoff). Both elliptic and circular air intakes have shown efficiencies over 80% and are quite desirable 
for engine cooling, albeit additional evaluation for the drag penalty must be considered.

Standard Elliptic Circular NACA

100%

80%

60%

40%

20%

0%

α = 2°
α = 15°

Figure 21. Efficiency comparison of air intake.
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Drag penalty
The evaluation of drag of air intakes by CFD is not a straightforward process because of its complicated geometry and the 

extension of the entrance duct inside the fuselage. Additionally, the computation of drag by itself is dependent of mesh refinement, 
upcoming boundary layer description and discretization of geometry. For such class of problem, the skin-friction evaluation 
is substantial for given a reasonable value of drag coefficients. Even though the mesh generation was taken carefully through 
this work, as previous mentioned, it could be biased to affirm that the results are accurate in terms of absolute values of drag 
coefficient (Cd). Therefore, the values of Cd will not be present but the DCd between the configurations. Also, it is important to 
mention that the fuselage drag is not considered, being the values of the intake drag evaluated separately. To achieve such task, 
the Cd value calculation was parametrized by considering an averaged value for the projected inlet area of the four intakes as 
0.0137 m2. Figure 22 shows the proportional drag between the intakes simulated, considering that the highest drag coefficient 
is provided by the standard air intake.

From Fig. 22, it can be concluded that, despite NACA intake does not show the best intake efficiency, it produces much less 
drag than the others intakes.

Standard Elliptic Circular NACA

100%

80%

60%

40%

20%

0%

Figure 22. Proportional drag (DCd) among the air intakes.

Design selection
As an industrial application, the design selection for the air intake to be installed on Bumerangue EX-27 has been taken into 

consideration, besides the parameters studied herein, other variables such as cost for implementation, availability of machinery 
tools to manufacture, aesthetics when installed in the airplane. Other issues regarding loads and integration of materials are also 
important, but they were not considered in this approach. In a list of priority, the drag penalty is the most important parameter 
to be considered, followed by the efficiency and aesthetics. However, drag could be augmented if the efficiency is low inside 
the flight envelop. Considering these facts, it is tendentious to choose the NACA air intake. Based on the results, the NACA air 
intake has provided a low drag penalty and a reasonable 70% of ram air recovery for the conditions analyzed. However, due to 
the size of the NACA air intake and the impact in the surface area in the rear cabin of the airplane plus the aesthetics that could 
compromise the design, the NACA air intake was not considered as a final selection. Elliptic and circular scoops are good options 
for the airplane since they provide a reasonable compromise between drag and efficiency.

In the final assembly line for this aircraft, both elliptic and circular scoops could be implemented. Figure 23 describes one of 
these configurations. The scoop air intake achieves the initial proposal of engine cooling, the focus of this investigation.

Figure 23. Canard aircraft with semicircular scoop (Courtesy FABE Ltd.).
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CONCLUSIONS

A numerical investigation of the flow over different air intakes was carried out with the main purpose of implementing the best 
configuration in a canard-type aircraft for engine cooling. In such aircraft design, the need for engine cooling is a very important 
aspect since the engine is placed at the back portion of the fuselage.

This work described a semiempirical approach coupled with CFD simulations to design and select an air intake that will suit 
this target at different angle-of-attack flight conditions. A set of numerical studies were performed with four air intakes installed 
in the aircraft fuselage, a NACA-type and three variations of scoop intakes. From the numerical computations, it was concluded 
that the air flow could change over the region of the air intake due to change in the AOA. Also, the intake efficiency varied from 
63% up to 85% with the highest values for the elliptic and circular scoops at AOA 15° (take-off condition).

Flow visualization results have also shown that the aircraft geometry, as a canard airplane with front-wing (stabilizer), 
has great influence in the flow over the last portion of the fuselage, influencing the air intakes at that location. In terms of 
drag penalty, it was confirmed that the NACA air intake has the lower impact, but it was not selected to be installed in the 
aircraft due to its final size needed to promote all the mass flow rate to cool the engine compartment. Due to this restriction, 
the installation of a scoop was the option, at the price of increasing the aerodynamic drag of the whole aircraft. Both circular 
and elliptic scoops could be implemented in this aircraft-configuration with a reasonable compromise between ram recovery 
ratio and drag penalty.

This study also indicates that the procedure used in this work is acceptable as an engineering tool, with relatively low cost, for 
design selection and indicative of design trends. Further work may also apply to improve the aircraft configuration such as the 
flight test with the selected air intake properly instrumented for measurements of pressure as well as flow visualization at the region 
of the air intakes. Another possibility is to test different air intakes in a wind tunnel to provide detailed data, under controlled 
situation, for validation and improvement of the numerical CFD setup. Also, it has been requested to test an alternative air intake 
under the wing close to the fuselage intersection, which could help the airplane aesthetics by avoiding the assembly of the scoop 
in the clean end part of the fuselage (over the wing).
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