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Abstract: A new internal waverider inlet with a rectangular shape of entrance and exit in front view is designed at
Ma=6.0. The design is based on a better basic flowfield ICFC than traditional one and derived with the technolo-
gy of stream tracing and shock cutting. Comparison between the newly designed inlet and a typical sidewall com-
pression inlet is given. The design Mach number and entrance shape of this new inlet are chosen according to the
sidewall compression inlet. Numerical results show that most of the performance parameters of the internal wa-
verider inlet are a bit higher than the sidewall inlet, such as the flow capture coefficient. total pressure recovery
and the kinetic efficiency. The performances of these two inlets at off-design points are compared. The internal
waverider inlet can capture more than 91% of incoming flow under all simulated conditions. Results show that in-

ternal waverider inlet using 3-D compression and high flow capture coefficient is a kind of fixed-geometry inlet
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with better performance.
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INTRODUCTION

Inlet is a very important part of hypersonic
propulsion system. Traditional hypersonic inlet
can be divided into three different types: 2-D in-
let, axisymmetric inlet and sidewall compression
.

inle Among these inlets when used in fixed

geometry, sidewall compression inlet always
shows better performance on inner flow charac-
teristic and start ability according to past re-
search. However, a new kind of inlet, inward
turning inlet, has attracted people’s attention re-
cently. Different types of inward turning inlet
have already been investigated in worldwide
range, such as Busemann'?’, RESTP!, JAW!,
Internal waverider inlet and so on. The concept of
internal waverider inlet was first developed by au-
thors. This newly research is also supported by
National Natural Science Foundation of China in

2005. Yancheng You and Guoping Huang then
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put forward a section controllable internal wa-
verider inlet concept on technology of streamline
Chinese invention

tracing, and obtained a

patent”). Simulations at design/off-design points

1 were all

and high enthalpy wind tunnel tests'
performed by them. The results indicated that
section controllable internal waverider inlet can
obtain good performance.

The design of hypersonic inlets should match
the following four requirements: high inner flow
performance, low outer flow drag, starting abili-
ty, and compatibility of back pressure. For hy-
personic inlet, the compatibility of back pressure
is obtained by isolator. Then other three require-
ments are difficult to match simultaneously. In
past decades, many researches were performed
for development of sidewall compression inlets.
So, most of researchers believe that sidewall com-
pression inlet is a good choice for hypersonic air-

crafts when they need fixed geometry inlets. But

Received date: 2010-10-18; revision received date: 2011-01-01

E-mail :hgp@nuaa. edu. cn



No. 1 Huang Guoping,et al. Analysis of Internal Waverider Inlet and Typical--- 121

it cannot match the four requirements perfectly.
Especially, the spillage of sidewall compression
inlet is rather large, so the outer flow drag is
large too.

The internal waverider inlet can decrease the
spillage obviously. In order to show the advan-
tage/disadvantage of internal waverider inlet,
some researches on comparison between internal
waverider inlet and sidewall compression inlet are
performed in this paper. Under the same up-
stream flow condition, a typical internal waverid-
er inlet with rectangular entrance and exit shape
in front view, is designed according to the geome-
try parameters of a typical 3-D sidewall compres-
sion inlet. Simulation results at design/off-design

points reveal the flow characteristics and perfor-

mance of two different inlets.

1 MODELING AND CALCULA-
TION METHOD

1.1 Modeling of sidewall compression inlet

In order to do comparison between internal
waverider inlet and sidewall compression inlet, a
typical sidewall compression inlet mentioned in
Ref.[1] is chosen as the simulation model. The
length of this inlet is 707 mm. The width and
height of entrance are 122 mm and 82 mm with a
entrance area of 10 004 mm?, while that of exit
are 50. 5 mm and 34 mm with a exit area of 1 717
mm®. So the total contraction ratio is about 5. 89,
and the internal contraction ratio is 1. 2. Fig. 1 is
the model of sidewall compression inlet. This in-
let was presented in 2006 and was designed at
Ma=6.0, H=25 000 m. The results of research

on it show that it achieves relative high perfor-

mance among sidewall compression inlet. Then,

82 mm

| 707 mm

122 mm

’/////////W/ -

Fig. 1 Configuration of sidewall compression inlet

this paper constructs a model based on the data in
Ref. [1] ’

simulation.

and uses this model to do numerical

1.2 Modeling of internal waverider inlet

An internal waverider inlet with rectangular
frontal shape entrance and exit is also designed at
Ma=6.0,H=25 000 m, using the technology of
streamline tracing and shock cutting'™. To ensure
the comparability of the internal waverider inlet
and the sidewall compression inlet, the contrac-
tion ratio of inlets should be same. Moreover, the
new designed inlet has the same frontal shape of
entrance. Although they have the same entrance
shape, area and total contraction ratio, the exit
shape of internal waverider inlet is rectangle while
that of sidewall compression inlet is nearly
square. This is because the internal waverider in-
let is a 3-D designing, so the streamline in each
same angle 0 plane follows the same characteris-
tics of basic flowfield, and the aspect ratio in exit
plane is 1. 48 which is almost the same as that of
entrance plane. However, experience is more cru-
cial when designing the sidewall compression inlet
and attention is mainly focused on the assignment
of pressure ratio.

The previous research™ in internal waverider
inlet design pointed out that a certain basic {low-
field, ICFC, had the best uniformity and suited
for the designing of internal waverider inlet better
than other basic flowfields. So in this paper ICFC
is chosen as the basic flowfield. Fig. 2 is the pres-
sure ratio contours at symmetrical plane of ICFC
basic flowfield under 2-D inviscid CFD simula-
tion.

Streamline tracing and shock cutting technol-
ogy is adopted during the process of building inlet
model. The basic theory of streamline tracing

technology is setting a series of points at the en-

Pressure ratio
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Fig. 2 Pressure ratio contours of ICFC basic flowfield
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trance or exit plane of ICFC basic flowfield ac-
cording to the entrance or exit shape of inlet. 3-D
surface will be obtained when streamlines are cre-
ated using these points, and through each point
only one streamline can be acquired. This surface
is actually just the shape of internal waverider in-
let. Fig. 3 is the entrance &. exit schematic of in-

ternal waverider inlet.
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Fig. 3 Frontal view of inlet entrance &. exit

With designing method listed above and pre-
liminary viscous correction as well as shoulder
smoothing, a 3-D internal waverider inlet with
rectangular entrance &. exit shape will be obtained
(Fig. 4). The length of this inlet is 822 mm. The
width and height of entrance are 122 mm and 82
mm with a entrance area of 10 004 mm?*, while of
exit are 50.5 mm and 34 mm with a exit area of
1 717 mm?®. So the contraction ratio is about

5. 83. Those are as same as the sidewall compres-

sion inlet.

82 mm

R
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Fig. 4 Configuration of internal waverider inlet

1.3 Calculation method

Flows in two inlets shown in Figs. 1,4 are

simulated numerically at design/off-design
points. Several off-design points are simulated,
such as: Ma=4.5,5.0,5.5,attack angles=+2°,

+5°,+8° and yaw angles=2°,5°,8°. All calcula-

tions are performed by using a CFD software. the
NuAa's Program for Aerodynamics (NAPA), op-
erating on structured meshes. This software has
been validated with lots of cases and proven to be
effective for calculation of subsonic, transonic,
supersonic and hypersonic inlets’ internal and ex-
ternal flows™%. In this simulation, the Roe flux
difference-split scheme is employed for the invis-
cid fluxes, together with the min-mod limiter. A
standard central second-order scheme is employed
for the viscous fluxes. The simulation is analyzed
with the full 3-D steady Navier-Stokes equations
together with a separation improved Baldwin Lo-
max (BL) turbulence model without body forces
or external heat addition. The spatial accuracy
used for all calculations is second order, with a
three-step Runge-Kutta solution scheme. Given
the high temperature effect, the variable specific
heat thermally perfect gas model is used in the

calculationt™.

2 FLOW AND PERFORMANCE
OF TWO INLETS AT DESIGN
STATUS

2.1 Flow of internal waverider inlet

The results of numerical simulation can show
the flow structure of internal waverider inlet at
design status. Fig. 5 is the pressure ratio contours
in plane OA" &. OC’ (Fig. 3) of internal waverider
inlet. The initial shock is induced at the entrance
when free upstream comes into the inlet, and re-
flects at the upper surface. It almost covers the
whole entrance area of inlet, which makes high
flow capture ratio possible. In Fig. 3, OA’ is the
symmetric plane while OC’ is the half-diagonal
plane. The same angle @ plane OC’ includes the
cross line between upper surface and side surface.
Comparison between two contours indicates that
OC’ plane has the similar shock structure as OA’
plane, even if OC’" is effected by upper and side
surfaces together. This is also the contribution of
internal waverider inlet designing method. Al-
though the shock structure is similar to the basic

flowfield in both planes, we can still find out that
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the initial shock does not attach the cowl lip com-
pletely. As a result, there will still axist tiny
spillage. Fig. 6 depicts the total pressure recovery
contours at the exit plane of inlet. Parameters at
the exit plane are divided obviously into upper and
lower parts. As a result of the long distance of
lower surface as well as the shock wave-boundary
layer interaction, the thickness of boundary layer
at the exit plane is rather considerable. This low-
energy region will further lead to the low total
pressure recovery. From the right contour, total
pressure recovery is still high at two corners near
the upper surface. It can be concluded that energy
losing is not serious at these corners. The total
pressure recovery of more than half of the exit is

larger than 0. 4.

Pressure ratio B |
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Fig. 5 Pressure ratio contours of internal waverider

inlet
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Fig. 6 Total pressure contours of internal waverider
inlet

Fig. 7 is the surface pressure ratio distribu-
tion in the symmetric plane. Before getting into
the isolator, incoming flow should get through a
series of isentropic compression. In the exit plane
of inlet, pressure ratio at upper surface is close to
that of lower surface. This phenomenon is coher-

ent to the goal of developing ICFC basic flowfie-

or Upper
—m Lower
30
S o0t
s9
10
0.4 0.6 08 1.0 12

X/m

Fig. 7 Pressure ratio distribution of internal waverider
inlet
1d". In isolator, pressure ratio at upper surface
and lower surface rises alternately as a result of

the shock reflection.
2.2 Flow of sidewall compression inlet

Although the model of sidewall compression
inlet is selected from Ref. [1], this paper still cal-
culates the flow characteristics under different in-
coming flow conditions for data restoring. Fig. 8
is the pressure ratio contour at symmetric plane of
sidewall compression inlet. Shock wave religion
from bottom board and sidewall intersects with
each other, and forms a spillage window in the
symmetric plane. The flow is spilled from this
window. Additionally, oblique shock wave creat-
ed by the cowl lip will reflect and interact with
boundary layer for several times in isolator. At
shoulders of bottom board, rarefaction waves will
be created, and intersect with the oblique shock
wave and reflect as well. These rarefaction waves
can weaken the inlet pressure ratio. Fig. 9 depicts
the total pressure recovery at the exit plane. As
sidewall compression inlet can produce 3-D com-
pression effect only through sidewall, so the bad
corner flow created by bottom board and sidewall
is inevitable. This will not only generate the vor-
tex structure at the corners near lower surface,
but also will decrease the total pressure recovery.
At the mainstream area of exit plane, the total
pressue recovery is 0.55 while that of internal
waverider inlet is 0. 61. The area with larger than
0. 4 total pressure recovery, is less than half of
the exit.

Fig. 10 is the surface pressure ratio distribu-
tion in symmetric plane of sidewall compression

inlet. At outer contraction part, a bit isentropic
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Fig. 8 Pressure ratio contours of sidewall compression

inlet
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Fig. 9 Total pressure recovery contours at exit plane
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Fig. 10 Pressure ratio distribution of sidewall compres-

sion inlet
compression exits due to the part of arc bottom
board. At the cowl lip, pressure rises up quickly
owe to the oblique shock wave there. Further-
more, pressure fluctuates at the upper surface in
a short distance from the cowl lip. From the left
small picture in Fig. 9, we can observe that shock
waves created by sidewall intersect with each oth-
er in inner contraction part and reflect for several
times. At the exit plane of inlet, pressure of up-
per surface is evidently different from lower sur-
face, which means that the uniformity is lower

than that of internal waverider inlet.

2.3 Performance parameters of two inlets at de-
sign point

Table 1 is the comparison of performance be-

tween two inlets. Internal waverider inlet can

capture most of the incoming flow and the flow

capture coefficient is 0. 98. This is also the main
advantage of internal waverider inlet. On the con-
trary, the flow capture coefficient of sidewall
compression inlet is only 0. 845. More than that,
average pressure ratio at exit plane of internal wa-
verider inlet is 29 while sidewall compression inlet
is 25, and internal waverider inlet holds a higher
total pressure recovery even if with a higher pres-
sure ratio. Additionally, average Mach number at
exit plane of internal waverider inlet is lower than
that of sidewall compression inlet, which will del-
icate to the performance of combustor. Kinetic ef-
ficiency of internal waverider inlet is also a bit
higher. In general, the main advantages of inter-
nal waverider inlet are high flow capture coeffi-
cient and better internal flow performance.

Table 1 Comparison of performance between two inlets at

design point

Flow Total Kinetic
o Mach  Pressure
Inlet capture  pressure effici- '
o number  ratio
coefficient  recovery ency

Internal

waveri- 0. 980 0. 370 0. 694 2.50 29.4
der

Sidewall

compres- 0. 845 0. 334 0.670 2.53 25.3
sion

3 PERFORMANCE AT OFF-DE-
SIGN STATUSES

Several off-design flows of both two inlets
are simulated. Those off-design statuses include
different attack angles, yaw angles, and up-

stream flow Mach numbers.

3.1 Performance parameters of two inlets at

off-design statuses

Table 2 provides a summary of performance
of two inlets at off-design status. Internal wa-
verider inlet has good performance in flow capture
ability. At yaw angle 8° or attack angle 8°, it can
capture more than 92% or 94% of upstream
even. Under same conditions, the sidewall com-
pression inlet can capture only 79% of upstream.
When upstream flow Mach number decreases to

4.5, the flow capture coefficient of internal wa-
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verider inlet is 92% , and the one of the sidewall
compression inlet is 72%. This value of internal
waverider inlet increases almost 28% than side-
wall compression inlet. In most cases, the inter-
nal waverider inlet owns obvious better perfor-
mance than sidewall compression inlet, while the
pressure ratio of internal waverider inlet is a bit
higher. In addition, flow characteristics of inter-
nal waverider inlet at off-design points do not de-
teriorate evidently, and average Mach number at
exit plane of internal waverider inlet is a bit low-
er. That is a good thing for combustor working.

Table 2 Comparison of performance parameters for two

inlets at off-design points

Total Flow
. Mach  Pressure
Inlet Static pressure . capture
number  ratio o
recovery coefficient
a=+8  0.275 2. 46 19.5 0. 945
Internal
) a=—8" 0.274 2.09 49.5 0.958
waverider
- Ma=4.5 0.580 1. 96 21.8 0.920
nlet
p=8° 0. 246 2.21 32.7 0.921
a=+8  0.290 2.69 13.7 0. 790
Sidewall
) a=—8" 0.254 2.11 45.6 0. 842
compression
Ma=4.5 0.498 2.01 16.9 0.723
inlet
p=8° 0.243 2. 30 28.3 0. 794

3.2 Off-design Mach numbers

The off-design Mach numbers tested by nu-
merical simulation include 4.5, 5.0 and 5.5, and
two inlets can still work properly under these

conditions. Fig. 11 is the total pressure recovery

Ma=5.0

Ma=4.5
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contours at off-design Mach numbers of two in-
lets. As shown in Fig. 11, the characteristics of
total pressure distribution are similar even under
different Mach numbers in each inlet. Comparing
the parameters of two inlets in exit plane at Ma=
5.0, total pressure recovery of internal waverider
inlet is a bit higher. In another hand, although
sidewall compression inlet is also a 3-D compres-
sion inlet, the flow structures are worse than in-
ternal waverider inlet. So, that will lead to the
deterioration of parameters in exit plane.

The start abilities of two inlets also are com-
pared preliminarily. The un-start Mach number
of internal waverider inlet is 3. 3, while it is 2.9
of sidewall compression inlet. The start ability of
sidewall compression inlet is bit higher. Howev-
er, as analyzed previously, better start ability of
sidewall compression inlet is obtained at the cost
of large loss of performance. Internal waverider
inlet also have better start performance when
some geometry parameters are adjusted like the
first shock angle as well as with high flow capture

ability at off-design points.
3.3 Variable attack and yaw angles

Performance at attack angles +2°, 45°, +£8°
attack angles are analyzed in this paper. Fig. 12
presents the total pressure recovery contours in
exit plane under 5°. Compared flows between two

inlets, we find that the total pressure in main-

Ma=5.5

0.84
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(a) Internal waverider inlet

Ma=5.0
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(b) Sidewall compression inlet

Fig. 11

Total pressure recovery contours at exit plane of two inlets with different Mach numbers
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(a) Internal waverider inlet

(b) Sidewall inlet

Fig. 12 Total pressure recovery contours at exit planes

of two inlets with attack angle 5 °

stream area is a bit higher in internal waverider
inlet. But the distortion is also higher because of
the narrow shape of exit plane, especially near
the bottom board there existing large low-energy
area.

When the yaw angle increases, the flow
structure at exit becomes more and more dissym-
metric. Low-energy area moves to the left side of
exit plane due to yaw angle affection, and has a
tendency of becoming larger. Taking internal wa-
verider inlet for example, at yaw angle 8°, high-
energy area is finite compared with that of yaw
angle 2°. and the total pressure recovery is only
0.51. Additionally, low-energy area at the bot-
tom of exit plane has a tendency of moving up-
ward besides leftward. Fig. 13 is the shockwave
shape in cross section at x=410 mm. The shock
is forced to the right side. In addition, the
spillage flow becomes relative large when yaw an-
gle increases. However, even in the case with
yaw angle 8°, the shockwave covers most of the
entrance of internal waverider inlet. So, this lets
the new inlet have a very high flow capture coeffi-

cient.

FEa

[ AN
Fig. 13 Mach number isolines of internal waverider in-

let at cross section of x=410 mm

4 CHARACTERISTICS OF TWO
INLET DESIGNS

Internal waverider inlet and sidewall com-

pression inlet both belong to 3-D compression in-
let. They have obvious 3-D flow characteristics,
but the design concept is different distinctly.

The design concept of internal waverider in-
let is to create the inlet model from shock struc-
ture and performance parameters. In this work,
an ICFC basic flowfield is designed first, and then
the streamlines are traced in all same angle planes
from ICFC. Shockwave shape in cross section is
also arc, the same as basic flowfield. Fig. 14 is
the schematic of streamline tracing {rom different
inlet entrance points. This design method can en-
sure the shock shape in inlet being the same as
basic flowfield, and avoid complex interaction
among 3-D shock waves. Although the geometry
parameters and shape of internal waverider inlet
are similar to those of sidewall compression inlet,

the performance is better.

Fig. 14 Schematic of streamline tracing of IWR inlet

The design concept of sidewall compression
inlet is from geometry model to calculate the per-
formance parameters. It is a process of modula-
tion to satisfly the design requirements. The
shock shape in cross section of sidewall compres-
sion inlet is made up of one bottom shock wave
and two sidewall shock waves. It is just a combi-
nation of 2-D shock waves. Fig. 15 shows the
shockwave shapes of two inlets. From Fig. 15 we
can find that sidewall compression inlet has not
only corner flows, but also spillage {lows from
upside of sidewall. At the downstream part of the
sidewall, this spillage becomes large and large.

It is well known that more flow capture
means more thrust to hypersonic propulsion sys-
tem with a certain area of frontal shape, and

means less drag induced by spillage. So the great
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(a) Internal waverider inlet

(b) Sidewall compression inlet

Fig. 15 Shock shape of two kinds of inlets

flow capture ability under different conditions is
the extraordinary advantage of internal waverider

inlet, because it rides the shockwave at entrance.

5 CONCLUSIONS

In the paper, a new internal waverider inlet
with rectangular shape of entrance and exit is de-
signed according to the geometry parameter of
typical sidewall compression inlet. Comparisons
between the two inlets show that:

(1) At design status, the bad corner flow is
less in internal waverider inlet, while such corner
flow of sidewall compression inlet is large. And
the sidewall compression inlet has complex shock-
wave intersections with each other and with
boundary layer. So, total pressure recovery in ex-
it plane of internal waverider inlet is higher.
Compared with parameters of sidewall compres-
sion inlet, total pressure recovery in exit plane of
internal waverider inlet is almost 11% higher,
flow capture coefficient is 16% higher, pressure
ratio is 16% higher, and Mach number in exit
plane is 1.3% lower. Each parameter is better
than sidewall compression inlet, especially the
flow capture coefficient.

(2) At off-design statuses, the differences of
performance between two inlets are similar to de-
sign status. The internal waverider inlet achieves
better performance than sidewall compression in-
let. Especially, the flow capture coefficient of in-
ternal waverider is 16%—28% larger than the
one of sidewall compression inlet in off-design
statuses. The un-start Mach number of internal

waverider inlet designed in this paper is 3. 3, whi-

le that of sidewall compression inlet is 2. 9.

(3) The internal waverider inlet has good
performance. It can obtain better inner flow per-
formance, low outer flow drag, and good starting
ability simultaneously. Moreover, it can achieve
very high flow capture coefficient (for example:
0. 98 at design status). Internal waverider inlet
has such great flow capture ability because it rides

the shockwave at entrance.
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