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Under hypersonic flight conditions, the sharp cowl-lip leading edges have to be blunted because of the severe aerodynamic
heating. This paper proposes four cowl-lip blunting methods and studies the corresponding flow characteristics and perfor-
mances of the generic hypersonic inlets by numerical simulation under the design conditions of a flight Mach number of 6 and
an altitude of 26 km. The results show that the local shock interference patterns in the vicinity of the blunted cowl-lips have a
substantial influence on the flow characteristics of the hypersonic inlets even though the blunting radius is very small, which
contribute to a pronounced degradation of the inlet performance. The Equal Length blunting Manner (ELM) is the most opti-
mal in that a nearly even reflection of the ramp shock produces an approximately straight and weak cowl reflection shock. The
minimal total pressure loss, the lowest cowl drag, maximum mass-capture and the minimal aeroheating are achieved for the
hypersonic inlet. For the other blunting manners, the ramp shock cannot reflect evenly and produces more curved cowl reflec-
tion shock. The Type V shock interference pattern occurs for the Cross Section Cutting blunting Manner (CSCM) and the
strongest cowl reflection shock gives rise to the largest flow loss and drag. The cowl-lip blunted by the other two blunting
manners is subjected to the shock interference pattern that transits with an increase in the blunting radius. Accordingly, the
peak heat flux does not fall monotonously with the blunting radius increasing. Moreover, the cowl-lip surface suffers from se-

vere aerothermal load when the shear layer or the supersonic jet impinges on the wall.
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1 Introduction

As a critical component of scramjets, the hypersonic inlet
serves to capture and compress incoming air for processing
by the engine. The hypersonic inlet performs the important
task of ensuring that the combustion chamber is supplied
with a sufficient mass flow of air at the conditions required
for supersonic combustion. To enable this task, a sharp
leading edge should be theoretically used [1]. At hypersonic
flight conditions (generally considered to be flight at Mach
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number >5), the hypersonic inlets suffer from serious aero-
heating problems. The severe aeroheating causes the sharp
leading edge on the surfaces such as the forebody and
cowl-lip, to be easily burned [2,3]. Additionally, a truly
sharp leading edge would be not possible to manufacture.
Hence, these surfaces have to be blunted to obtain accepta-
ble heating levels.

Unfortunately, the blunted leading edges have an im-
portant influence on the wave-patterns, mass-capture, total-
pressure recovery and cowl-drag of the hypersonic inlets.
The forebody blunted leading edge produces a curved bow
shock that generates a thick entropy layer. Under the strong
entropy gradient, the subsonic airflow with a high tempera-
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ture and high pressure expands and accelerates to the su-
personic range through the convergent-divergent streamtube,
which forms between the bow shock and geometric surface.
Thus, the forebody nose bluntness creates a significant
change in the flowfield, such as shock positioning and
air-capture characteristics, and adds complexity and diffi-
culty to the design of the forebody surface [1,4,5].

Compared with the forebody nose bluntness, the problem
regarding the cowl-lip bluntness is more complex. In addi-
tion to the flow characteristics being similar to the forebody
nose bluntness, the shock interference occurs when the ex-
ternal compression oblique shocks intersect the cowl bow
shock. These phenomena degrade the performance of the
hypersonic inlets, and complicate the internal flowfield.
Shock-on-shock interaction is one of the most challenging
research problems of gas dynamics and has been widely
studied since the 1960s. Edney [6] formulated a detailed
study of the entire spectrum of interference patterns and
defined six types of shock interference patterns (Type I-VI).
The results showed that the types of shock interference pat-
tern and shock interference heating depended on the inter-
secting location of the impinging oblique shock relative to
the curved bow shock. These shock interference patterns
can cause high localized pressure and heat transfer rates on
the surface, which can alter the aerodynamic characteristics
of the vehicle and even lead to catastrophic failures [7-9].
Experimental and numerical investigations by Keyes et al.
[10,11], Wieting et al. [12] and Yee et al. [13] showed the
effects of gas thermodynamic properties, Reynolds number,
Mach number and incident shock strength on the peak
pressure and heat transfer rate. Borovoy et al. [14] further
examined the influence of the location of the impinging
shock on the surface heat transfer, focusing on the study of
Type III and IV interactions. Analytical methods were also
developed to predict the pressure and heat transfer resulting
from shock interaction [15-17]. The above researches sug-
gest that Type IV interference produces the most serious
pressure and heat transfer. This interaction characterized by
a supersonic jet embedded in the subsonic flow occurs when
the incident oblique shock intersects the normal portion of
the curved bow shock. The jet impingement leads to an ex-
tremely high pressure and heat transfer rate gradients over
the narrow impingement region, and drastically deteriorates
the aerothermal environment of the cowl leading edge of the
hypersonic inlets. Subsequently, several researchers inves-
tigated how to control the Type IV shock interference pat-
tern and decrease thermal loads [18-25]. These methods
included the dispersed multiple shock-waves or isentropic
compression waves configuration [18-21], opposed jet
[22,23] and pulsed laser energy deposition [24,25] in front
of the cowl leading edge.

However, previous research mainly focused on the local
shock interference patterns and did not take into account the
effects on the flow characteristics and performance of the
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hypersonic inlets. The different cow-lip blunting methods
can give rise to a significant change in shock patterns near
the cowl-lip, as well as the flowfield, heat transfer and per-
formance of the hypersonic inlets. Thus far, few studies
have established a cowl-lip blunting method that can
achieve good aerodynamic performance of the hypersonic
inlets. How complex flow phenomena caused by shock in-
terferences near the cowl-lip affect the performance of the
hypersonic inlets is of research interest. The designing the
blunting method has been considered to negate these nega-
tive effects. Based on the numerical results of a typical op-
erating condition, this paper discusses the effect of different
cowl-lip blunting methods on the flowfield and performance
of the hypersonic inlets and provides a database for the
cowl-lip blunting designs.

2 Blunting methods

To analyze the effects of the cowl-lip blunting methods on
the flow characteristics and overall performance of the hy-
personic inlets, four different blunting techniques are pro-
posed, as shown in Figure 1. The dashed lines demonstrate
the theoretical sharp cowl-lip. IS, CRS, UBS denote im-
pinging shock, cowl reflection shock and undisturbed bow
shock, respectively. For efficient operation at the design
condition, the external compression waves intersect the the-
oretical sharp cowl-lip of the hypersonic inlets, which
minimizes the spillage of compressed air.

ELM is a method usually used to blunt the forebody
leading edge of the waveriders [26]. In the ELM, the cowl
length of the hypersonic inlet with the blunted cowl-lip is
identical to that of the hypersonic inlet with the theoretical
sharp cowl-lip. The rounded cowl-lip surface is tangent to
the inner geometric line of the inlet cowl, and the outer

I
Theorectical sharp cowl-ipy ff,f"’q

Hy;

SoBFPM

Figure 1 (Color online) Sketch of inlet model and blunting methods,
where IS denotes impinging shock and UBS is undisturbed bow shock.
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geometric line relies on the blunting radius. Shock on Lip
Frontal Point blunting Manner (SOLFPM) denotes that the
incident ramp shock impinges on the frontal point of the
blunted cowl-lip. The blunted circle is over the frontal point
and tangent to the inner geometric line of the inlet cowl.
Shock on undisturbed Bow shock Frontal Point blunting
Manner (SoBFPM) represents that the incident ramp shock
impinges on the vertex of the undisturbed cowl bow shock.
The rounded surface tangent to the inner geometric line of
the inlet cowl is determined by the standoff distance of the
undisturbed cowl bow shock which can be obtained using
the empirical relationship [27]. CSCM is a method which is
generally used to blunt the forebody nose of the waveriders
when the radius is much smaller than the vehicle size [28].
The blunting curve is an internally tangent circle whose
center is over the internal bisector of the original sharp
cowl-lip.

At the same radius, different cowl-lip blunting methods
would yield different locations of the blunted cowl-lip. The
cowl-lip locates downstream in sequence for the ELM,
SoLFPM, SoBFPM and CSCM. Apparently, different
cowl-lip blunting methods may lead to different intersecting
locations of the impinging oblique shock relative to the
curved bow shock. Effectively, the four different blunting
methods feature different interference patterns caused by
the external compression shock intersecting the cowl-lip
bow shock. The associated flow phenomena represent the
typical flow patterns of hypersonic inlet with a blunted
cowl-lip at varied flight conditions. This study is helpful for
a better understanding of flow mechanisms of hypersonic
inlet with blunted cowl-lips and for optimization of the
cowl-lip design.

3 Inlet model

A generic 2-D mixed compression inlet is employed to in-
vestigate the effects of the different cowl-lip blunting
methods on the flowfield and performance of the hypersonic
inlets, as shown in Figure 1. To highlight the key flow
characteristics near the blunted cowl-lip and subsequent
effects, the external compression is simplified as a single
oblique shock. The corresponding flow deflection angle, J,
is defined as 12.5°, which is equal to the total turning angle
of the three ramps [29]. Under the design conditions of
Mach number of 6 and flight altitude of 26 km, the inlet
with a theoretical sharp cowl-lip satisfies the following
conditions: the external compression shock wave terminates
with the apex of the sharp cowl-lip, and the cowl reflection
shock is canceled at the ramp shoulder. The total contrac-
tion ratio of the inlet is 5.12. The inlet throat height, Hy,, is
specified as 20 mm. The isolator length is equal to five
times the inlet throat height. A horizontal cowl is assumed
with a geometric shape angle (&) of 17° and a thickness (H,)
of 15 mm.

Sci China-Phys Mech Astron

April (2014) Vol.57 No.4 743

4 Numerical methods and validation

4.1 Numerical methods

The validity of the governing equations and boundary con-
ditions is a prerequisite for warranting the credibility of a
numerical result. The radius of a blunted cowl-lip of the
hypersonic inlets is usually small and approximately 1-3 mm
[30], so the applicability of the flow equations and boundary
conditions near the blunted cowl-lip need to be examined.
The similarity parameter that governs this regime is Knud-
sen number, defined by Kn=A/R., where R, is the radius of
the blunted cowl-lip; and A is the molecular mean free path.
For convenience, Kn can be derived as follows [31]:

Ma u 157
Kn=—— 157y = |-~
Re TR ART

R, c g

here Ma, y, Reg,, i, p, T and R, denotes Mach number, spe-
cific heat ratio, Reynolds number based on R, viscosity,
density, temperature and gas constant, respectively.

Figure 2 plots the variation of Knudsen number with the
flight altitude (4) at a constant blunting radius. The figure
illustrates that Kn is lower than 0.03 when R, is not less than
0.5 mm and the altitude is lower than 36 km. This observa-
tion implies that the continuum Navier-Stokes equations
and No-Slip boundary conditions are applicable to describe
the flow regime near the blunted cowl-lip.

The full Navier-Stokes equations are numerically solved
with the commercial software CFD++, which can efficiently
resolve hypersonic flows and aerodynamic heating. The
convection terms of the governing equations are discretized
with a second-order total variation diminishing (TVD)
method based on a new multi-dimensional interpolation
framework. An approximate Riemann solver (HLLC) is
used to define interface fluxes based on local wave-model
solutions. The minmod limiter is employed to suppress spu-
rious oscillations near the discontinuities while retaining
high-order accuracy away from the jumps. The time terms

—a— R.=0.1Tmm

24 28 32 36
Altitude h (km)

Figure 2 (Color online) Knudsen number versus the altitude and the
blunted cowl-lip radius.
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are discretized with a second-order fully implicit scheme.
The model of k- SST is used as the turbulence model with
a compressibility correction for high Mach number flow. In
addition, the multi-grid and dual time-step methods are em-
ployed to accelerate convergence.

4.2 Code validation

The 2-D mixed compression inlet [5,32] is used to validate
the reliability of the solver code. The mixed external/
internal compression inlet with a flat, horizontal cowl con-
tains a forebody, which turns the flow outward using a
combination of a blunted wedge and isentropic turning. The
forebody is characterized by a nose bluntness with a radius
of 0.127 mm, initial wedge angle of 5°, and final ramp angle
of 10°. The simulation conditions are listed in Table 1 [5].
The test gas is nitrogen. The first normal mesh spacing at
the wall, An, is 1 um. y" at the forebody surface is less than
1, as shown in Figure 3. A comparison between the numer-
ical and experimental results of the inner body surface
pressure and heat transfer distributions is presented in Fig-
ure 4, where the heat transfer is expressed by the Stanton
number, S[=QW/(1/zp0U03). Figure 4 indicates that the nu-
merical and experimental results are in good agreement,
which shows that the present numerical technique can

Table 1 Test conditions given in ref. [5]

May Relm
10.39 1.87x107

Py (Pa) 1o (K) T (K)
606.74 48.72 294.44

x (m)

Figure 3 y* distribution at the inner body surface.

0.004

] Experiment

Simulation | |

& 0.002

o L
0.0 0.2 0.4 0.6 0.8 1.0
x(m)

Figure 4 (Color online) Comparison of calculated and measured inner
body surface pressure and Stanton number distributions.
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effectively capture the flow patterns and heat transfer at the
wall.

5 Results and discussion

The current study discusses the effects of the four cowl-lip
blunting methods on the internal flowfield and performance
of the hypersonic inlets, under the design conditions of a
flight Mach number of 6 and altitude of 26 km. The simula-
tions are conducted under the isothermal-constant tempera-
ture wall condition of 7,,=294.44 K. Through a survey of
the effects of grid-refinement and the first mesh size normal
to the wall, the computations are ultimately performed using
about the total number of 0.23 million grids and the first
mesh size of 1 pm.

5.1 Flowfield and performance of the hypersonic inlet
with a theoretical sharp cowl-lip

To build a substantial base on studying the effects of cowl-
lip blunting methods, this section briefly presents the flow-
field and performance of the hypersonic inlet with a theo-
retical sharp cowl-lip. Figure 5 illustrates the pressure con-
tour and streamlines. It can be found that the characteristics
of the shock-on-lip, shock-on-shoulder and shock cancella-
tion inside the inlet are nearly satisfied. The airflow decel-
erates to Ma3.2 across the straight cowl reflection shock. A
small separation occurs upstream of the shoulder and in-
duces a separation shock. However, the separation bubble is
so small that the separation shock and reattachment shock
cannot be clearly identified. The performance parameters,
including mass-capture (), total-pressure recovery (o),
static-pressure-ratio (7) and cowl-drag (D), are listed in
Table 2, where cowl drag is the streamwise integration of

0.15

E 010
-

0.05

0.20 0.25 0.30 0.35 0.40 0.45
x (m)

Figure S (Color online) Pressure contour and streamlines of the hyper-
sonic inlet with a theoretical sharp cowl-lip.

Table 2 Performance parameters of the hypersonic inlet with a theoreti-
cal sharp cowl-lip

Mass-capture Total-pressure Pressure Cowl drag
coefficient (¢) recovery (o) ratio (7) (D/N'm™)
0.9997 0.4563 17.74 44731
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the pressure and friction on the cowl wall per unit spanwise
length. The inlet total pressure recovery is only 45.63%,
which is attributed to the large loss across one simplified
strong external shock. However, the inlet total pressure re-
covery has no negative influence on our findings because
our research lies in the relative effects of the cowl-lip
blunting methods on the performance of the hypersonic in-
lets.

5.2 Flow characteristics of the hypersonic inlets with
blunted cowl-lip

The flow characteristics of the hypersonic inlets with the
cowl-lip blunted by the ELM, SoLFPM, SoBFPM and
CSCM are analyzed in this section with the blunting radius
of 2 mm, whose ratio is 0.1 to the inlet throat height (R./Hy,
=0.1).

Figure 6 plots the Mach contours and streamlines near
the blunted cowl-lip of the hypersonic inlets with the four
blunting methods. The shock structures differ greatly from
each other. From Figure 6(a), the cowl-lip blunted by ELM
encounters the freestream. The incident ramp shock inter-
sects below the lower sonic line of the undisturbed cowl
bow shock. The strength of the ramp shock is much weaker

ve D R |
@
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than that of the cowl bow shock, hence, a A type of shock
structure and shear layer is formed. The incident ramp
shock and cowl bow shock merge into the right leg of the 4
shock. This is known as cowl reflection shock. The shear
layer does not impinge on the cowl surface and enters into
the inlet. The inlet internal flow downstream the cowl re-
flection shock is then divided into two regions by the shear
layer. The first region is the core flow between the cowl
reflection shock and the shear layer. The second region is
the small amount of low-energy flow between the shear
layer and the cowl wall, where the subsonic airflow with
high pressure and temperature, originating from the stagna-
tion region, expands and accelerates to low supersonic
speed. Figure 7(a) further demonstrates the flow feature by
plotting the profiles of Mach number at the plane 2R,
downstream of the blunted cowl-lip for the four different
blunting methods. The definition of Y., is also included.
The solid line corresponding to ELM shows two aforemen-
tioned regions above the cowl reflection shock where the air
speed is Mal.25 (Y /R=0-0.5) and Ma2.5 (Y../R.=0.9—
1.5), respectively. The airflow above the shear layer is of
low total pressure because of the normal shock loss as
shown in Figure 7(b). However, the length scale of the low
energy (speed) flow path is very small, being only half of

Figure 6 (Color online) Mach contours and streamlines near the blunted cowl-lip of the hypersonic inlets, where R./H,=0.1. (a) ELM; (b) SOLFPM; (c)

SoBFPM; (d) CSCM.
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Figure 7 (Color online) Profiles of Mach number and total pressure
recovery at the plane 2R. downstream of the blunted cowl-lip for four
different blunting methods. Y., is defined in the attached picture, which is
0 at the cowl wall. (a) Mach number profile; (b) total pressure recovery
profile.

the blunting radius. This reveals that the airflow with low
speed would not degrade the inlet performance substantially.
It is not clear whether the shear layer swallowed by the inlet
will affect the inlet buzz.

From Figure 6(b), the cowl-lip blunted by the SOLFPM is
subjected to the Type III shock interference pattern, as de-
fined by Edney [6]. The incident ramp shock intersects
around the lower sonic line of the undisturbed cowl bow
shock, which produces a transmitted shock and shear layer.
The shear layer emanating from the shock intersection point
attaches to the cowl surface with the subsonic flow above
the layer turning upward and the supersonic flow below the
layer passing through an oblique shock (the layer reflection
shock) to turn parallel with the cowl wall surface. The in-
teraction between the transmitted shock and the layer re-
flection shock produces a curved cowl reflection shock and
shear layer. The shear layer is also in close proximity to the
wall and separates two regions. Figure 7(a) further shows
that the airflow above the shear layer is more rapid because
it goes across three oblique shock waves, namely, the inci-
dent ramp shock, the transmitted shock and the layer reflec-
tion shock, rather than a normal shock for the ELM shown
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in Figure 6(a). Higher total pressure ratio is thus achieved
(see Figure 7(b)). In the other region below the shear layer,
the airflow with the SOLFPM is much slower than that with
the ELM because the cowl reflection shock becomes more
curved (larger shock angle). Correspondingly, larger total
pressure loss can be observed for the SOLFPM.

From Figure 6(c), the cowl-lip blunted by the SOBFPM is
subjected to the Type IV shock interference pattern, as de-
fined by Edney [6]. The incident ramp shock intersecting
the normal portion of the cowl bow shock produces a su-
personic jet embedded in the subsonic flow. The jet im-
pinges on the cowl surface and ends up with a normal shock.
Through the terminal shock, the flow in the supersonic jet
bounded by the shear layers is divided into two parts, and
passes outside and inside the inlet respectively. A thin su-
personic flow arising from the terminal shock exists near
the cowl wall, as shown in Figures 6(c) and 7(a). The speed
is lower than that with the SOLFPM because of more com-
plex shocks and larger pressure loss in the supersonic jet.
Below this region, the airflow is affected primarily by the
curved cowl reflection shock. Similar to those with the
ELM and SoLFPM, the reflection shock becomes weaker as
it is farther away from the wall, contributing to the gradual-
ly increased airflow speed and reduced total pressure loss,
as shown in Figure 7(b).

From Figure 6(d), the cowl-lip blunted by the CSCM
encounters the airflow behind the ramp shock. The ramp
shock intersects above the upper sonic line of the cowl bow
shock, resulting in the Type V shock interference pattern. A
triple shock type and a shear layer occur. The shear layer is
not swallowed by the inlet and large spillage exists. Unlike
that in other blunting methods, near-wall region character-
ized by different air speed does not occur.

Figure 8 further illustrates the internal flowfield of the
hypersonic inlets with the cowl-lip blunted by different
methods. The streamwise position of the cowl-lip frontal
point is labeled, together with the separation and reattach-
ment points of the separation bubble. Compared with Figure
5, it is found that the cowl-lip blunting techniques have a
substantial impact on the internal flowfield of the hyper-
sonic inlets. The cowl reflection shock impinges upstream
of the shoulder for the four blunting methods due to the
larger cowl reflection shock angle than that for theoretical
sharp cowl-lip. Higher adverse pressure gradient then con-
tributes to a larger separation bubble. The separation shock
and the reattachment shock can be distinctly identified and
reflect back and forth in the internal flow path. The interac-
tion of the shoulder expansion fan, separation shock and
reattachment shock adds complexity in the flowfield of the
hypersonic inlets.

Furthermore, it can be seen that the further downstream
the blunted cowl-lip is located, the further upstream the po-
sition is located, on which the cowl reflection shock im-
pinges the ramp. For example, the cowl-lip blunted by the
CSCM is positioned the farthest downstream, while the
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Figure 8 (Color online) Pressure contours and streamlines of hypersonic
inlets with a blunted cowl-lip, where R/H»=0.1. (a) ELM; (b) SoLFPM;
(c) SoBFPM; (d) CSCM.

cowl reflection shock impinges the farthest upstream of the
ramp. This phenomenon is attributed to the different shock
structures near the blunted cowl-lip. Note in Figure 6, for
the ELM, a nearly even reflection of the incident ramp
shock produces an approximately straight cowl reflection
shock, whose shock angle is the smallest. For the SOLFPM,
SoBFPM and CSCM, the incident ramp shock cannot re-
flect evenly and creates a curved and non-equal strength
cowl reflection shock because of the blocked effects of the
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blunted geometric surface shown in Figures 6(b)—(d). Figure
7 illustrates that location of the cowl reflection shocks
moves downward for the blunting method of ELM,
SoLFPM, SoBFPM and CSCM. This indicates the shock
becomes steeper and stronger which results in larger separa-
tion.

Thus, different cowl-lip blunting methods trigger signif-
icant alterations in the cowl reflection shock structures and
the associated flow patterns, even when the blunting radius
is very small. This change will affect the hypersonic inlets
performance and thermal loads.

5.3 Thermal loads on the cowl-lips with different
blunting methods

The corresponding heat transfer distributions at the cowl-lip
circular surface with the blunting radius of 2 mm are plotted
against the circumferential angle (6), in Figure 9. The heat
transfer rates are normalized by the stagnation point heat
flux at the freestream condition. The corresponding stagna-
tion point heat flux, Qy, is 2.88 MW/m?>. It should be noted
that there is a large difference among the four heat flux dis-
tributions. Specially, the heat flux distribution for the SoB-
FPM presents an asymmetrical bell-curve shape, and a local
large temperature gradient exists at the supersonic jet im-
pingement. Additionally, the peak heat flux corresponding
to the ELM, SoLFPM, SoBFPM and CSCM is 0.91, 1.61,
7.11 and 1.81 times of the stagnation point heat flux, re-
spectively. These differences are attributed to the different
shock structures near the blunted cowl-lip, as described in
last section. The Type IV shock interference pattern for the
SoBFPM contributes to extreme severe aeroheating.

The blunting radius can exert an important influence on
the thermal loads on the cowl-lip. The peak heat flux on the
blunted cowl-lip surface is plotted against the radius for the
four blunting methods in Figure 10. The peak heat flux is
normalized by the freestream kinetic energy, YapoUp’. It is

8 T T T T T
7L . — EM o
H ===s-=----- SoLFPM
6L i — - — 5SoBFPM
- — — - CSCM
I
o ' ,/'-. -
s .l [l 27\ cow ) ]
C’; : " X Tangency point '

90

Figure 9 (Color online) Distributions of the cowl circular wall heat
transfer for the four blunting methods, where R./H,=0.1.
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Figure 10 (Color online) Variation of the peak heat flux on the blunted
curved cowl-lip surface with the blunting radius for the four blunting
methods.

known that aeroheating can decrease with an increase in the
radius. The peak heat flux for the ELM and CSCM exhibits
a similar tendency. However, in Figure 10, a surprising re-
sult can be found in that the peak heat flux of the SoLFPM
increases with an increase of the blunting radius, and the
peak heat flux of the SOBFPM is a maximum at a certain
radius. These results can be attributed to the change of
shock structures with the blunting radius. For the SOLFPM
and SoBFPM, the shock interference pattern dominated by
the interaction of the shear layer with the cowl-lip is sensi-
tive to the blunting radius. Combining Figure 6(b)
(R./Hyx,=0.1) with Figure 11, it can be observed that when
the blunting radius increases, the shock interference pattern
turns from Type II* to Type I for the SOLFPM. In Type II",
the shear layer grasps the cowl surface, while in Type III,
the shear layer impinges on the cowl surface, which will
increase the peak heat flux. Combining Figure 6(c)
(R./Hy,=0.1) with Figure 12, it can be observed that the type
of the interference pattern also varies with the blunting ra-
dius. A Type III interference pattern occurs at a small
blunting radius, while a Type IV interference pattern results
at a larger blunting radius (R/Hy=0.1), leading to an in-
crease of the peak heat flux with the blunting radius. With a
further increase of the blunting radius, the type IV interfer-
ence pattern holds, leading to a reduction of the peak heat
flux with the blunting radius increasing.

5.4 Effect of different cowl-lip blunting methods on the
hypersonic inlets performance

Total pressure recovery, pressure rise, mass-capture and
cowl drag of the hypersonic inlets is investigated in this part.
The radius of the blunted cowl-lip is specified as 1 mm,
2 mm and 3 mm. The corresponding ratio of the blunting
radius to the inlet throat height is 0.05, 0.1 and 0.15
(RJ/H;=0.05, 0.1, 0.15).

5.4.1 Effect on total pressure recovery and pressure rise
The total pressure recovery and pressure rise at the isolator
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(a)

(b)

Figure 11 (Color online) Mach contours near the blunted cowl-lip with
different radius for the SOLFPM. (a) R/H;=0.05; (b) R./H»=0.15.

Figure 12 (Color online) Mach contours near the blunted cowl-lip with
different radius for the SOBFPM. (a) R./Hy=0.05; (b) R./Hyn=0.15.
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exit are plotted against the blunting radius for the four
blunting methods in Figure 13. The parameters are normal-
ized by those of the inlet with a theoretical sharp cowl-lip.
The horizontal axis is the ratio of the blunting radius to the
inlet throat height. It can be noted from Figure 13(a) that the
total pressure recovery with the blunted cowl-lip is lower
than the pressure recovery with a theoretical sharp cowl-lip.
Furthermore, the total pressure loss increases dramatically
with an increase in the blunting radius. This result implies
that the blunted leading edge degrades the total pressure
recovery. On one hand, the shock interference alters the
shape of the cowl reflection shock, which results in steeper
shock and larger shock loss. For the sharp cowl-lip, the total
pressure ratio to the incoming flow is 55% for the airflow
downstream the straight cowl reflection shock. For the
blunted cowl-lip, the pressure loss is much larger, particu-
larly in the region not far from the wall, as plotted in Figure
7(b). On the other hand, the characteristics of the separation
and reattachment shocks in the inlet internal flowfield also
increase the total pressure loss, as shown in Figure 8.

At the same blunting radius, the inlet total pressure re-
covery with the ELM is significantly higher than that with
the other three methods, particularly for the large blunting
radius. The differences in the total pressure loss for the four
blunting methods are caused by changes in the shape of the
different cowl reflection shocks resulting from the different
shock interferences near the blunted cowl-lip. As shown in
Figure 7(b), the total pressure recovery profiles differ from
each other for the four blunting methods. The ELM gener-
ates an approximately straight and the weakest cowl reflec-
tion shock because of the even reflection of the incident
ramp shock (see Figure 6(a)). Although there is a low ener-
gy region above the shear layer, it does not degrade the hy-
personic inlet performance significantly because the flow
path is very small compared to the inlet throat. The pressure
recovery becomes lower in sequence for the SoLFPM,
SoBFPM and CSCM, because of the stronger curved cowl
reflection shock. For the SOLFPM, a Type II" shock inter-
ference pattern occurs and generate a nearly straight cowl
reflection shock similar to that for the ELM when the
blunting radius is small (R/H=0.05). With an increase in
the blunting radius, a Type III shock interference pattern
occurs, and the attached shear layer contributes to stronger
curved cowl reflection shock and larger total pressure loss.
For the SoBFPM, a Type IV shock interference pattern
strengthens the cowl reflection shock. For the CSCM, the
curved cowl reflection shock is the strongest, because the
blunted cowl-lip is fully submerged in the flow behind the
incident ramp shock.

Another feature that can be observed is that the inlet total
pressure recovery with the cowl-lip blunted by the ELM,
SoLFPM, SoBFPM and CSCM drops by 3.6%, 3.8%, 9.8%
and 15.0%, respectively, compared to the pressure recovery
with the theoretical sharp cowl-lip, when R./Hy=0.05. This
data implies that the cowl-lip blunting methods have a sig-
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nificant impact on the total pressure recovery even though
the blunting radius is small.

It can be observed from Figure 13(b) that the pressure
rise of the inlet with the blunted cowl-lip departures pro-
nouncedly from the designed value. The pressure rise with
the blunted cowl-lip is higher than the one with a theoretical
sharp cowl-lip and increases dramatically with an increase
in the blunting radius. The tendency of pressure rise is con-
trary to the trend of the total pressure recovery for the four
blunting methods because of approximately constant inlet
contraction ratio. The pressure rise with the ELM is the
most consistent to the inlet design condition.

5.4.2  Effect on mass-capture

The mass flow rate captured by the hypersonic inlets with
the cowl-lip blunted by four methods is plotted against the
radius in Figure 14. The mass flow rate is normalized by the
flow rate that is captured by the inlet with a theoretical
sharp cowl-lip. The large differences in the inlet mass-
capture can be observed among the four blunting methods.
The inlet captured flow rate with the ELM, SoLFPM and
SoBFPM is higher than the flow rate captured by the inlet
with a theoretical sharp cowl-lip. The rate rises linearly with
an increase in the blunting radius. The inlet captured flow
rate with the CSCM is lower than the flow rate captured by
the inlet with a theoretical sharp cowl-lip, and the rate re-
duces linearly with an increase in the blunting radius.
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Figure 13 (Color online) Variation of flow parameters at the isolator exit
with the blunting radius for the four blunting methods. (a) Total pressure
recovery; (b) pressure rise.
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Figure 14 (Color online) Variation of the mass flow rate captured by the
hypersonic inlets with the blunting radius for the four blunting methods.

According to Figures 6 and 8, these differences can be
attributed to two key factors. First, the increased projected
frontal area caused by the cowl-lip bluntness provides a
potential extra mass flow. Second, as plotted in Figure 6,
the cowl-lip position locating downstream in sequence for
the ELM, SoLFPM, SoBFPM and CSCM results in a grad-
ually increased spillage and a reduced mass-capture under
the same blunting radius. For the CSCM, a large spillage
occurs because the theoretical sharp cowl-lip is directly cut
backward and the cowl-lip position lies far downstream.

5.4.3 Effect on cowl drag

The cowl drag is plotted against the blunting radius for the
four blunting methods in Figure 15. The vertical axis de-
notes the cowl-drag ratio of the hypersonic inlets with a
blunted cowl-lip to that with the sharp cowl-lip. The cowl
drag is noticeably increased by the cowl-lip bluntness and
increases drastically with an increase in the blunting radius.
In particular, the inlet cowl drag from the ELM is far less
than that from the other blunting methods. As defined pre-
viously, the cowl drag consists of pressure and friction.
However, the cowl drag increment is primarily derived from
the streamwise integration of the cowl surface pressure,
rather than friction. Figure 16 shows the pressure distribu-
tions on the cowl surface. It can be determined that the
pressure differences originate from the curved surface (BC
segment), which is produced by the shock interaction.

Based on the report of Tang and Chase [33], the specific
impulse of the hydrocarbon-fueled scramjet can be taken as
approximately 800 s at the stoichiometric equivalence ratio.
According to the mass flow rate captured by the hypersonic
inlet with a theoretical sharp cowl-lip, the percentage of the
cowl drag increment to the engine thrust can be calculated.
At RJ/JH$,=0.05, the percentage for the ELM, SoLFPM,
SoBFPM and CSCM is 2.0%, 3.2%, 4.2% and 7.4%, re-
spectively. At R./Hy=0.1, the percentage for the ELM,
SoLFPM, SoBFPM and CSCM is 5.1%, 8.8%, 10.9% and
17.0%, respectively. These results indicate that the cowl-lip
blunting method has a major influence on the aerodynamic
force.
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Figure 15 (Color online) Variation of the cowl drag with the blunting
radius for the four blunting methods.
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Figure 16 (Color online) Cowl wall pressure distribution for the four
blunting methods, where R./Hy,=0.1.

As discussed above, the cowl-lip blunting methods have
an important effect on the flowfield and performance of the
hypersonic inlets. Among the four blunting methods pro-
posed in this paper, the ELM produces the smallest change
in the flow patterns of the hypersonic inlets, and the hyper-
sonic inlet with the cowl-lip blunted by the ELM has the
most optimal performance, including mass-capture, total
pressure recovery, cowl drag and minimum heat loads.
Consequently, the cowl-lip of the hypersonic inlet should be
blunted by the ELM.

6 Conclusions

The sharp cowl-lip leading edge has to be blunted to obtain
acceptable heating levels for hypersonic inlet. This paper
proposes four blunting methods, the ELM, SoLFPM, SoB-
FPM and CSCM, and further investigates in detail the flow
characteristics and performances of generic hypersonic in-
lets with the blunted cowl-lips by numerical simulation. The
flow mechanism regarding the effect of the cowl-lip blunt-
ing methods is also elucidated.

The flowfields in the vicinity of the blunted cowl-lips for
the different blunting methods feature the typical shock in-
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terference patterns caused by the external compression
shock intersecting the cowl bow shock. These local shock
interference patterns have a major influence on the shock
structures in the hypersonic inlets even though the blunting
radius is very small, which are responsible for the perfor-
mance degradation of the hypersonic inlets. With an in-
crease in the blunting radius, the total pressure recovery
falls sharply, and the cowl drag rises rapidly. However, the
mass-capture for the ELM, SoOLFPM and SoBFPM increas-
es slightly.

Among the four blunting methods, the performance of
the hypersonic inlets with the cowl-lip blunted by the ELM
is the most optimal. For the ELM, the incident ramp shock
intersects below the sonic line of the cowl bow shock. A
nearly even reflection gives rise to an approximately
straight and weak cowl reflection shock, which produces the
smallest change in the flow patterns of the hypersonic inlets.
The minimal total pressure loss, the lowest cowl drag and
the maximum mass-capture are thus achieved along with
minimal aerothermal load. For the other blunting methods,
the ramp shock cannot reflect evenly and produces a
stronger curved cowl reflection shock. This shock structure
dramatically deteriorates the hypersonic inlets performance.
The CSCM produces the Type V shock interference pattern
associated with a large spillage and the cowl-lip encounter-
ing the flow behind the ramp shock. The strongest bow
cowl reflection shock occurs, resulting in the largest cowl
drag and the lowest total pressure recovery. The cowl-lip
blunted by the SOLFPM is subjected to the shock interfer-
ence pattern that changes from Type II" to Type Il with an
increase in the blunting radius. For the SoOBFPM, Type 111
or IV shock pattern occurs, coupled with more curved cowl
reflection shock. The cowl-lip surface suffers from severe
aerothermal load when the shear layer or the supersonic jet
impinges on the wall. Unlike that with the ELM and CSCM,
the peak heat flux of the SOLFPM rises with an increase in
the blunting radius, and the peak heat flux of the SoOBFPM
is a maximum at a certain radius. These results can be at-
tributed to the transition of shock interference pattern with
the blunting radius.

In particular, a near-wall region characterized by differ-
ent air speed occurs for the ELM, SoLFPM and SoBFPM,
which has little effect on the inlet performance. This needs
to be further studied whether the shear layer swallowed by
the inlet will affect the inlet buzz.

The four blunting methods and associated flow phenom-
ena represent the typical flow patterns of hypersonic inlet
with blunted cowl-lip at varied flight conditions. This re-
search elucidates the flow mechanism and would aid in un-
derstanding the flow and performance of the hypersonic
inlets with blunted cowl-lip.
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