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Abstract. Airbreathing hypersonic vehicles can be powered by scramjet (supersonic combustion ramjet) engines, whose
inlet requires blunt leading edges in order to overcome the high heat fluxes that are inherent of hypersonic flights. Thus,
this work has the purpose of evaluating, through detailed bi-dimensional computational fluid dynamics (CFD) analyses,
the influence of the leading-edge bluntness and isolator height on the airflow of a scramjet intake. Results showed that
bluntness has the negative effect of increasing the boundary layer separation (BLS) region in the first wedge which is
compensated with the positive ones of reducing the high heat flux peak on the reattachment point and the pressure on
the second wedge. Both, leading-edge bluntness and isolator height performed great influence on the intake airflow
structure. The isolator height, by its turn, had a major effect on the flow separation at the isolator entrance yielding a
bubble that increases with the isolator height, although the air mass flow inside the isolator is not much affected. In some
circumstances, these shock-wave/boundary-layer interaction (SWBLI) may lead the engine to an unstart condition in
which the airflow in the isolator is no proper for scramjet operation.
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1. INTRODUCTION

The air intake structure of a scramjet engine is in general quite simple and usually does not have moving parts. It uses
its own shock-wave structures to slow down and compress the hypersonic airflow to suitable conditions for the fuel
combustion in the engine combustor region. Moreover, it is worth mentioning that a great advantage that scramjet engines
have over rocket engines is the fact that the scramjet can take more payload per unit take-off mass into orbit which may
reduce the mission cost. The oxygen used in the rockets represents more than half of the total rocket mass and therefore,
considering the same take-off mass, the vehicle powered by air-breathing engines can carry more payloads (Griffiths,
2005; Smart, 2008; Alcaide, 2007).

Additionally, the inlet must be designed to capture the exact amount of air, at suitable pressure and temperature, to
avoid great loss of total pressure and to mitigate drag forces in order to optimize the combustion Smart, 2008; Van Wie,
2000). In the 1940s and early 1950s, hypersonic vehicles aerodynamics followed the supersonic aerodynamics practiced
at that time, where the objective was to develop a vehicle with slender body and very sharp leading edge, producing a
weak shock wave and consequently a very low wave drag. However, because of the fact that the aerodynamic heating
increases with the flight Mach number increase and that the heat transfer to sharp leading edges become extreme in such
high Mach numbers, the aerodynamic heating is considered a critical issue which need to be addressed in the development
of a feasible hypersonic vehicle. One solution is to use blunt leading edges at the scramjet inlet, since the heating at the
stagnation point varies inversely as the square root of the leading-edge radius (Anderson Jr., 1989).

Shock-wave/boundary-layer interactions (SWBLI) can cause flow separation near the corner that may modify
considerably the flow field structure. The flow separation increases the temperature and pressure, promoting a peak of
wall heat flux at the boundary-layer reattachment point. All these effects may reduce the overall engine performance and
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adversely affect the flow properties at the combustor entrance which may even lead to severe conditions of engine unstart
(Reynartz et al, 2006). Due to these reasons, the vehicle forebody leading-edge bluntness has an important effect on the
flow separation region and the wall heat flux peak. Therefore, once hypersonic flights achieve very high temperatures, a
critical part in developing a scramjet engine is to have materials that can withstand such high temperatures. The highest
heat fluxes in a scramjet intake take place at the forebody and cowl leading edges.

Considering these aforementioned aspects, this work aims the numerical analysis of the influence of the forebody and
cowl leading-edge bluntness, as well as the isolator height, on the intake airflow. All the numerical calculations displayed
in this study have been performed using the commercial CFD software ANSY'S Fluent, version 15.0.

2. NUMERICAL MODELING
2.1 Governing equations

A mathematical model is necessary for numerically analyzing the blunt leading-edge effects on the hypersonic airflow
at scramjet intakes. Therefore, this section presents the governing and constitutive equations for an airflow modeling. The
Reynolds-Averaged Navier-Stokes (RANS) equations of continuity (Eq. (1)), momentum conservation (Eg.(2)) and
energy (Eg.(3)) are used to numerically calculate the airflow with the ANSYS Fluent. Also to close the system of
equations, considering air as a calorically perfect gas, state equations for energy, enthalpy and perfect gas law are
considered, such that:
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where p is density, ¥ is velocity vector, p is static pressure, E is total energy, k is thermal conductivity, T is temperature,
h is enthalpy, C, is specific heat at constant pressure, R is the gas constant and Sy, is the source term that represents energy
generation inside the domain, that is zero in the present analysis. The effective stress tensor, T, , is given by Eq.(7).
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where | is the unit tensor and w is the viscosity. The second term on the right-hand side represents the effect of volume
dilation. The subscript in Eq. (3) means the effective values, which adds the turbulent term whenever a turbulent model
isin use.

The set of Equations from. (1) to (7) are valid for both inviscid and viscous flows and they can be solved once the
initial and boundary conditions are specified. Of course, there will be some modifications in these equations depending
on the type of flow such as inviscid or viscous.

An inviscid flow is characterized as a flow that does not consider thermal conductivity, dissipative transport
phenomena of viscosity and mass diffusion. Therefore, it is possible to obtain the equations for inviscid flow by dropping
the terms involving friction and thermal conduction in Eqg. (2) and Eqg. (3). The other equations remain the same.

Viscous flows can be modeled as laminar, turbulent or transitional, that is, can be treated either as laminar or turbulent.
In the analyses presented in this work, it was used the transition SST model available in Fluent. This model is based on
the combination of the SST k- transport equations with two other transport equations: intermittency and one for the
transition onset criteria, in terms of momentum-thickness Reynolds number (Ansys, 2014).

2.2 Mesh validation

The geometry, freestream airflow and wall temperature were all taken from the work by Neuenhahn and Olivier
(2014). In order to guarantee mesh independence in the problem solution, an ordinary mesh analysis has been done. The
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mesh refinement analysis considered only the single-wedge cases. The meshes have all been created using the mesh
generation ANSY'S ICEM software. Two meshes have been created: a regular one and a less refined one. For both meshes,
a region along the flat plate up to a distance of 10 mm plus the radius from the wall was considered to be more refined
for a more accurate calculation of the physical interactions that exists in the boundary layer. This 10-mm-plus-the-radius
distance from the wall ensures that the whole boundary layer, for all cases, is in the more refined region. For the regular
mesh, this 10-mm region has 100 nodes that are arranged in a way that the distance from each node grows exponentially
from the wall up to the 10-mm-plus-the-radius distance. For the less-refined mesh this 10 mm region has 50 nodes that
are arranged in the same way as the regular mesh. Besides the boundary layer, the more refined part of the mesh also
better calculates the shock wave on the leading edge. Table 1 shows the number of nodes of the meshes used in this
analysis. Analyzing the results obtained from the mesh refinement analyses, it could be stated that there’s very little
difference between the results obtained with the regular and the less refined meshes. However, these analyses have been
done considering that the selected mesh would be used to calculate cases with different boundary conditions and, in order
to guarantee that there would be no mesh-refinement interference in the results, it was decided to use the more refined
meshes in the calculations. It is important to highlight that this decision has been made taking into account that there
would be little increase of computational cost if the more refined mesh was used.

Table 1. Cell number of the cases of the mesh refinement analyses.

Case Number of cells
Regular mesh 85134
Less refined mesh 21877

Besides the mesh validation, this work considers the validation of the SST transition model presented by Siqueira J.
V. (2016).

3. RESULTS
3.1 Isolator height and leading-edge bluntness effect

In this section it is presented an analysis of the leading-edge bluntness and isolator height effects on the intake airflow.
All cases analyzed in this section considered 300 K wall temperature and transition SST viscous model. Figure 1 shows,
respectively, the Mach number contours for both leading edges with 0.5 and 1.0 mm of radius and 20 mm of isolator
height. It is possible to observe slightly greater boundary layer separations for the 1.0-mm-radius case. The shock-on-lip
condition and the bubble at the beginning of the isolator are observed in both cases.
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Figure 1. Mach number contours of the inlet with a) 0.5 mm and b) 1.0 mm of leading edge radii, 20 mm of isolator
height. 300 K wall temperature and using the SST transitional viscous model.

Figure 2 shows the Mach number contour at the inlet and isolator for two values of isolator heights: 15 mm and 20
mm, both with 0.5 mm of leading-edge radii. It can be clearly seen that the bubble at the beginning of the isolator with
20 mm is quite greater than that for 15 mm isolator height. This is because the reflected shock on the cowl tip of the 20-
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mm-height case reaches the upper wall deeper inside the isolator than for the case with 15 mm of isolator height. This
bubble partially blocks the airflow into the isolator in a region of low density where the flow recirculation presents quite
high temperature. Although the bubble sizes are different in both cases, it seems that the airflow into the isolator, which
is limited by the bubble, is basically the same for both isolator heights. Although, it is advised that the reflected shock
wave reaches the isolator wall instead of the end of the third ramp in order to reduce the probability of inlet unstarting,
this should be done with care because of the high temperature inside of the bubble and the change in the isolator flow
yielded by different isolator heights. As can be seen in the Figure 2, the 15 mm reflected shock reaches the isolator wall
quite close to the throat, so an isolator height of 20 mm seems to be safer.
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Figure 2. Mach number contour of the isolator of the with a) 20 mm and b) 15 mm of isolator height, 0.5 mm of
leading edge radii, 300 K wall temperature and using SST transitional viscous model.

Figures 3, 4 and 5 show, respectively, the contours of the static pressure, static temperature and total pressure for both
isolator heights of the cases in Figure 2. As it would be expected, the smaller isolator height produces a shock-wave train
with higher frequency inside the isolator which also yields higher average static pressure and temperature inside the
isolator, although the highest temperatures are found near the throat for the 20 mm isolator height due to the presence of
the bubble there. Regarding the total pressure, which may be used as a measure of the intake efficiency, the contours in
5, show that viscous effects near the walls contribute to reduce even more the total pressure already reduced by the existing
shock waves. It can be seen that the greater bubble at the isolator for the 20 mm isolator height, which also influences the
downstream boundary layer, has an important role in reducing the total pressure recovery of the intake, consequently
reducing its efficiency.
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Figure 3. Static pressure of the isolator with a) 15 mm and b) 20 mm.



25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

500 1000 1500 2000

0 500 1000 1500 2000

Figure 4 - Static temperature of the isolator with a) 15 mm and b) 20 mm.
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Figure 5 - Total pressure of the isolator with a) 15 mm and 20 mm.

Hypersonic flights achieve very high temperatures, so a critical part in developing a scramjet engine is to have
materials that can withstand such high temperatures. The highest heat fluxes in a scramjet intake take place at the forebody
and cowl leading edges as previously discussed. Figure 6 and Figure 7 show, respectively, the temperature contours
around the 0.5 mm radius forebody and cowl leading edges. It can be observed that the flow temperatures around the
leading edges are above 2000 K.
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Figure 6. Temperature contour at the forebody leading edge of the inlet.
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Figure 7. Temperature contour at the cowl leading edge of the inlet.

Figure 8 shows the Stanton number, which is a non-dimensional number that quantifies the heat flux on forebody
leading edges with 0.5 and 1.0 mm of radii. It can be seen that the case with 0.5 mm of leading-edge radius presents a

heat flux around 25% higher when compared to the case with 1.0 mm of radius.
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Figure 8 - Heat flux over the forebody leading edge with different radii.

Figure 9 shows the heat flux distribution over the cowl leading edge for the same cases analyzed in Figure 8. Again,
the sharper 0.5-mm-radius-leading-edge case presents higher heat flux, although quite smaller than the one on the
forebody leading edge. The Stanton number on the cowl leading edge presents different distributions when compared to
the forebody ones because of the three ramp shock-wave impingements there.
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Figure 9 - Heat flux distribution over the cowl leading edge with different radii.
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4. SUMMARY AND CONCLUSIONS

Two blunt leading edges have been considered in this analysis at both forebody and cowl: 0.5 mm and 1.0 mm of
radii. Two isolator heights have been considered: 15 mm and 20 mm. The greater the isolator height the deeper inside the
isolator the reflected shock wave hits its upper wall, which reduces the chance of engine unstart. This generates a big
bubble there which makes the airflow to be more expanded inside the isolator. Calculations show evidences that greater
isolator heights result in lower static pressure and heat flux distributions on the isolator walls. The temperature is usually
higher near the upper wall of the isolator even for higher isolator heights because of the hot bubble at the isolator entrance.
Regarding the total pressure, it could be seen that the 20-mm-isolator-height-case features a greater boundary layer
separation that consequently decreases the total pressure and therefore the inlet efficiency. Temperature contour analyses
show that both forebody and cowl leading edges achieved temperatures above 2000 K behind the bow shock, so it is
important to have leading edges with some bluntness in order to reduce the heat flux, even small radii as studied here
makes a lot of difference. Leading edge bluntness does not affect much the heat flux distribution on the isolator walls, but
it is reduced by approximately 20% by increasing the isolator height from 15 mm to 20 mm.

The present work reached its objective which was, through 2D numerical calculations, to study the effects of leading
edge bluntness and isolator height on the airflow of suggested intake geometry.
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