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The dependency of the performance of a two-dimensional intake for air-breathing missiles on intake orientation

has been investigated experimentally. The main objective of the study is to identify the ideal intake position on the

missile body. Experiments have therefore been carried out at combinations of different angles of attack and different

roll angles of the intake and themissile body. All tests were performed at the intake designMach number of 2.5 and at

angles of attack ranging from 0 to 30� in the Trisonic Wind Tunnel Cologne. The results show that the ideal intake

position depends on boundary-layer flow, flow separation, and vortices, which vary with different angles of attack.

Furthermore, some intake orientations show a mass flow rise on the windward side, where the intake could be

located.

Nomenclature

A = cross-sectional area, m2

a = speed of sound, ms�1

cP = pressure coefficient, �p � p0� � q�10
D = diameter of the missile, m
L = length of the missile, m
l = reference length, m
M = Mach number, v � a�1
_m = mass flow rate, kg s�1

p = pressure, Nm�2

ppitot = Pitot pressure, Nm�2

q = dynamic pressure, Nm�2

R = specific gas constant for air, 287:15 J kg�1 K�1

Re = Reynolds number, � � v � l � ��1
T = temperature, K
� = flow velocity, ms�1

x, y, z = Cartesian coordinates, m
� = angle of attack
� = difference
� = heat capacity ratio
� = viscosity, kgm�1 s�2

� = density, kgm�3

� = angle of roll

Subscripts

0 = freestream condition
3 = position of measurement pipe cross section where

pressure measurements are performed
4 = position of throttle’s critical cross section
design = design (shock-on-lip)
intake = position of intake relative to main missile body
lip = position at cowl lip
missile = position on main missile body
st = static condition
t = total condition
throat = position at throat

I. Introduction

S UPERSONIC missiles with air-breathing propulsion use the
oxygen for combustion from the atmosphere, contrary to rocket-

motor-driven missiles, which carry the oxygen for combustion with
them. A ramjet has no rotating parts and needs to reach a certain
speed and altitude for operation. To keep combustion stable, the
intake must provide the enginewith a sufficient air mass flow and the
required pressure recovery in all flight conditions. It is therefore
important to identify the ideal intake position on the missile for good
ramjet engine performance even at high angles of attack [1,2].

Several studies have been carried out on optimizing intake
performance using internal intake components. Amongst other
parameters, intake performance also depends on upstream flow.
Different research groups have investigated the effect of major
component properties on intake performance, e.g., the modification
of the intake’s internal geometry [3] and side walls [4]. Variations of
chin-intake entrances reveal different effects on performance [5] and
studies at the position of the intake’s diffuser were carried out to
avoid flow separation [6]. Other studies included unstart criteria
and intake buzzing [7], which must be prevented [8] to ensure the
functionality of the ramjet and prevent destruction of the engine
structure. One technique is to control the intake’s normal shock by
adjusting internal parts of the intake [9,10]. All examples deal with
intake design and a given unchangeable main missile design. On the
basis of still open issues from these studies, the influence of the
upstream flow on intake performancewas identified as one of the key
issues.

Therefore, the main purpose of this study is to clarify the influence
of the main flow parameters on intake behavior in terms of the
intake’s position on the missile body. This paper describes the
experimental techniques used for the experiments and results with
respect to the effects of intake position on performance at a
freestream Mach number ofM0 � 2:5 with angles of attack ranging
from 0� � � � 30�. Shown among other things are the specific
effects of windward and leeward flow at small and large angles of
attack, and the comparison of possible intake positions.

In Sec. II, the wind tunnel and intake models are described.
Experiments with varying intake positions along the missile body
with different roll angles of the intake andmissile body are described
in Sec. III. Furthermore, the intake characteristics, i.e., pressure
recovery and mass flow rate, are analyzed with schlieren images, oil
flow visualization and pressure measurements. Finally, the main
results of this study are summarized, and some conclusions are given.

II. Experimental Setup

A. Trisonic Wind Tunnel Cologne

The experiments were conducted in the Trisonic Wind Tunnel
(TMK) [11] of the German Aerospace Center (DLR) in Cologne.
The TMK is a blow-down wind tunnel with a cross section of
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0:6 m � 0:6 m. It is equipped with a flexible nozzle, which can be
adjusted while testing. A test duration of 60 s is possible, depending
on theMach and Reynolds number. Its standard Mach number range
is 1:25<M0 < 4:5. Mach numbers up to 5.7 can be achieved with
the aid of a storage heater and an ejector. The ejector facilitates a
Reynolds number variation by a factor of up to seven. For Mach
numbers of 0:5<M0 < 1:2, a transonic test section with perforated
walls is available.

B. Model and Flow Conditions

The basic intake model (without boundary-layer bleed) with
mixed compression was presented and analyzed in [6] with other
setups. This three-ramp intake is designed for a freestream Mach
number ofMdesign � 2:5 (shock-on-lip) and the intake’s compression
ratio is 5.2%.Using Eq. (1) in accordancewith [12], the compression
limit for self-starting is calculated with the entrance plane Alip at the
cowl lip, its Mach numberMlip and the throat’s plane Athroat
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The compression limit [12,13] at M0 � 2:5 is 13.9% and 7% at
M0 � 2:1. The intake should self-start at a Mach number below 2.1,
because the intake’s compression ratio is still smaller.

The intake is mounted on the wind tunnel support. The intake roll
position can be freely varied around its axis. Downstream, the main
missile body is attached to thewind tunnel support behind the intake,
so that the axis of roll is the same as the intake’s. A spline shaft
assembly is used for this attachment to withstand the aerodynamic
loads up to an angle of attack of �� 30�. It is possible to roll the
missile body around the rolling axis in 7.5� steps. The roll position of
the intake around its own axis, i.e., the orientation of the ramps with
respect to the missile, and the roll position of the intake with respect

to themissile body, i.e., the circumferential position at the intake, can
therefore be varied independently. The missile body consists of a 26�

cone and a cylindrical body (diameter D� 70 mm) of variable
length. Next to the main cylindrical element with a length of
L=D� 5, there are two cylindrical elements with the length of
L=D� 2. Therefore, three different axial intake positions L=D� 5,
L=D� 7 and L=D� 9 can be adjusted. The assembled model
mounted in the TMK can be seen in Fig. 1.

Themodel was tested between angles of attack of 0� � � � 30� at
increments of 3�, between the intake roll angles of 0� � �intake �
270� (in relation to the missile’s surface) at increments of 90� and
(by exploiting the symmetry) between the missile body roll angles
of 0� � �missile � 180� at increments of 15�. To gain a better
understanding of the different roll angles, Fig. 2a shows a sketch of
the front view of the assembled model seen in Fig. 1. Figure 2
illustrates a roll angle variation of the intake, wherein the intake is
rolled from �intake � 0� (Fig. 2a) to �intake � 270� (Fig. 2d) at a
missile roll angle of �missile � 0�. The responding photos are shown
below. The roll angle variation of the missile is shown in Fig. 3 (with
photos below), where themissile roll angle is changed from�missile �
0� to �missile � 180�, while the intake roll angle relating to the
missile’s surface stays constant at �missile � 90�. All angles have an
inaccuracy of 
0:1�, defined by the digital protractor. These test
conditions are given in Table 1 and the flow condition is given in
Table 2 including the unit Reynolds number

Re� �0 � v0 � l
�0

(2)

with the reference length of 1 m. The accuracy of measurement
values is given in Table 3 as percentage error of the expected
measurement range. Theses values based on manufacturer’s instruc-
tion and [11], where Pitot measurements are performed amongst
other things.

C. Measurement Technique

To investigate intake performance at different positions on the
missile’s body, mass flow and pressure recovery have to bemeasured
and illustrated. The measurement configuration for this purpose is
shown in Fig. 4.

The measurement configuration consists of the intake, which is
mounted on the front of the measurement pipe, and the throttle,
which is connected to the downstream end. The throttle was
calibrated using a calibration standard based on orifice technology
[14,15], where the pressure is measured differential through the
orifice plate. The mass flow rate through the throttle is determined
with the sonic flowmethod, where the flow chokes and a sonic line is
induced in the throttle. Another function of the throttle is to simulate
the pressure in the combustion chamber. This pressure is varied by

1     Intake 2     Spline shaft assembly 3     Measurement pipe

4     Missile body (L/D = 5) 5     Model support 6     Throttle 

Fig. 1 Assembled intake model at �� 0�.

Fig. 2 Sketch of front view and photo of model at an roll angle of the missile of �missile � 0� and roll angles of the intake of a) �intake � 0�,

b) �intake � 90�, c) �intake � 180�, and d) �intake � 270�.
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moving the throttle, i.e., changing the critical throttle cross section
(position 4 in Fig. 4). The throttle is controlled by a hydraulic system.
Upstream of the throttle, the measurement pipe is fitted with pressure
taps positioned at its end to measure the static pressure pst3

(position 3 in Fig. 4). This pressure value combined with the total
temperature data and the critical throttle cross-section geometry are
used for the calculation of the intake performance data. The exact
position of the throttle is therefore determined with an integrated
potentiometer whose output signal defines the variable throttle cross-
sectional area A4 (position 4 in Fig. 4). For further calculations, the
continuity equation _m3 � _m4 is used with the following boundary
conditions: The Mach number at the throttle cross-section 4 is
M4 � 1, isentropic flow ofTt3 � Tt4 is assumed and the pressure loss
is negligible, i.e., pt3 � pt4. This yields

A3

A4

� 1

M3

�
�
1	 ��1

2
�M2

3

�	1
2

� �	1
2���1�

(3)

Using Eq. (3),M3, which is needed for the mass flow ratio, can be
calculated iteratively. The capturedmassflow ratio is given byEq. (4)
multiplied by the calibration factor of 1 (idealized)
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���
�
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(4)

where pt3 is

pt3 � pst3 �
�
1	 � � 1

2
�M2

3

� �
��1

(5)

and _m3 � �3 � v3 � A3. The undisturbed mass flow _m0 at �� 0� is
calculated with the static pressure pst0 and static temperature pst0

with the projected intake plane A0 perpendicular to the incident flow
atM0

_m 0 �
pst0��������������
R � Tst0
p � A0 �M0 �

���
�
p

(6)

Pressure recovery is expressed as

pt3
pt0
� pst3

pt0
�
�
1	 � � 1

2
�M2

3

� �
��1

(7)

The major measurement inaccuracies of the performance data
mentioned above are presented in Table 4.

Both ratios (mass flow ratio and pressure recovery) are plotted on
the intake characteristic diagram, as in Fig. 5:

The intake characteristic diagram shows the test procedure. At the
beginning, themaximalmass flow ratiowith low pressure recovery is
detected while the throttle is open. During the test, the throttle closes
continuously (arrow direction in Fig. 5). This event appears as a
vertical increase with a nearly constant mass flow rate and rising
pressure recovery (supercritical condition). The pressure rises as the
throttle closes, during which the normal shock in the diffuser moves
upstream. When the normal shock reaches the intake throat, the
maximal pressure recovery (critical condition) is achieved. The
theoretical maximal pressure recovery for a three-shock system with
two oblique shocks and a normal shock atM0 � 2:5 is 91% [16–18],
where all oblique shocks are of equal strength [17]. With an increase
in pressure, the shock leaves the intake and takes the form of a
detached shock (subcritical condition) upstream. This shock in front
of the intake entrance causes mass flow losses, since only part of the
incident flow enters the intake and the other part is spillage. This
detached shock can be stable at first. With further throttling, the
shock becomes unstable until it finally jumps in and out of the intake.
This unstable condition with pressure fluctuations is known as
buzzing [19]. The buzzing is displayed (in Fig. 5) as a long, sloping
zigzag pattern in the subcritical region. It is detected with a so-called
RMSmeter, whereas the buzzing value is normalized withpt0. If this

Fig. 3 Sketch of front view and photo of model at an roll angle of the intake of �intake � 90� and roll angles of the missile of a) �missile � 0�,

b) �missile � 135�, c) �missile � 135�, and d) �missile � 180�.

Table 1 Test conditions

� range, � �missilerange,
� �intake range,

� Missile length, L=D

0 . . . 30 0 . . . 180 0 5, 7, 9
0 . . . 30 0 . . . 180 90 5, 7, 9
0 . . . 30 0 . . . 180 180 5, 7, 9
0 . . . 30 0 . . . 180 270 5, 7, 9

Table 2 Freestream condition of mainstream condition

M0 Tt0, K pt0, �105 Pa Re, �106 m�1

2.5 290 3.7 1.5

Table 3 Measurement inaccuracies

�M0=M0, % �Tt0=Tt0, % �pt0=pt0, % �Re=Re, %

0.50 0.75 0.02 0.04
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value becomes too large, the abort criterion is reached and the throttle
opens at once. This response is necessary, since the pressure
fluctuations can cause strong structural loads and can damage the
model.

To investigate the flow effects, schlieren images [20] and oil flow
visualization are used. Furthermore, the static pressure is measured
on the main missile body. An additional cylindrical element
equipped with 145 pressure taps was built for this purpose. The
pressure taps are arranged in 13 rows, aligned in the x-axis direction
with 10 mm gaps on the leeward and 20 mm gaps on the windward
side. These rows are rotated in 15� steps (�� 0� is the center of the
leeward side). Inside the cylindrical element are thin tubes (Fig. 6,
left) leading from the pressure taps to an electronic pressure-scanner.

To analyze the flow around the missile body and the inflow of the
intake, the Pitot pressure is recorded with 7 Pitot rakes each with 12
Pitot tubes (Fig. 6, right). The quality of Pitot pressure measurement
is affected by the angle between the tube and the flow direction. The
results below 10� are not significantly affected by the measurement
error [21]. To compensate these errors, the Pitot rake was measured
alone (without the missile body) over all angles of attack.

III. Experimental Results

A. Effects of Missile Length

Tests were first conducted while varying the axial position of the
intake along the missile, where, for example, boundary separation
and leeward flow effects as well as windward flow effects are
analyzed. The results of the leeward flow is demonstrated in Fig. 7
(left). The intake is positioned (as an example) at the leeward center
with an intake roll angle of �intake � 90� (in relation to the missile’s
surface). The intake’s characteristics display a distinct loss in
mass flow and pressure recovery when the intake position is moved
downstream.

The differences in pressure recovery and mass flow rate between
theL=D� 5 (Fig. 7a, left) andL=D� 9 (Fig. 7c, left) configurations
are about 24% and about 38%, respectively. At an angle of attack of
�� 30� Fig. 7 (right), the differences are 0.8% for pressure recovery
and 2.3% for the mass flow rate. But compared with the reference
condition (at �� 0�), the performance drop is significant (>80% for
the mass flow rate). It is caused by strong flow separation at the
leeward side at such high angles of attack.

Figure 8 shows the influence of different angles of attack on the
mass flow ratio in a supercritical operation regime (which is mainly
referred to in the following) over angles of attack between 0� �
� � 30� for the three axial positions.

On the leeward side at small angles of attack up to 9�, themassflow
ratio (Fig. 8a, left) and pressure recovery (Fig. 8b, left) are almost the
same for all three configurations, since the change in the flow
direction is negligible with respect to the intake ramps. This implies
constant intake compression and accordingly a constant mass flow
rate. At larger angles of attack, the mass flow rate (and pressure
recovery) at the upstream position of L=D� 5 drops at higher

angles. The drops in mass flow ratio (and pressure recovery) at e.g.,
�� 15� are larger when the intake positions are further downstream.
On thewindward side in Fig. 8 at small angles of attack, themassflow
ratio (Fig. 8a, right) and pressure recovery (Fig. 8b, right) are almost
equal to the leeward side. At higher angles of attack the inclined
position of the intake’s side walls (ramp-like) seems to increase the
mass flow and pressure recovery. The intake positions L=D� 7 and
L=D� 9 (on the windward side) are nearly congruent. Comparing
the upstream position of L=D� 5 with the other two downstream
positions, a variation of less than 3% is detected. A possible
explanation is the upstream influence of the cone flow.

To understand the leeward drop in mass flow at higher angles of
attack, Fig. 9 shows the comparison between �� 15 and 18� for
L=D� 5. In Fig. 9a (the �� 15� case), a boundary-layer separation
is visible in the upper schlieren image. It is situated between the
intake and missile body and does not enter the intake. This is
also confirmed by the Pitot pressure measurement shown below.

Fig. 4 Measurement configuration.

Table 4 Measurement inaccuracies of throttle device

�pst3=pst3, % �A3=A3,
%

��pt3=pt0�=�pt3=pt0�, % �� _m3= _m0�=� _m3= _m0�, %

0.02 0.03 0.03 1.69

Fig. 5 Example of the intake characteristic diagram.

Fig. 6 Inside view of the cylindrical element (left) and Pitot rakes

(right).
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It displays regions of low pressures that do not enter the intake.
Figure 9b, on the other hand, shows the influence of flow separation
(see schlieren images) and the regions of low pressure (Pitot
measurements), which are interpreted as leeward vortices. These
enter the intake and cause mass flow losses of about 11% (see Fig. 8)
and pressure recovery losses of about 4%.

Representative of the differences in flow development around the
missile body are the results of the Pitot measurements at an angle
of attack of �� 15�. Comparing the three missile positions (at
L=D� 5, 7, 9) at 15�, the differences in mass flow loss are clearly

visible in Fig. 8. The intake positionL=D� 5, as explained above, is
barely affected by the pressure losses (see blue values in Fig. 9a).
However, it is easy to imagine the influence of the vortices growing
when the intake is moved downstream. Figure 10a shows the results
of the Pitot measurements of L=D� 7, which indicate the con-
sequence of developing vortices. This vortices disturb the intake
flow and therefore cause a mass flow loss. These disturbances
are displayed (in Fig. 10) as regions of low pressure. At L=D� 9
(Fig. 10b), the vortices enclose the intake and the pressure losses
extend over the intake area, causing an increasing mass flow loss.

Fig. 7 Characteristic intake performance of �intake � 90�, �missile � 0�, and �� 15� (left), �� 30� (right) at M0 � 2:5 and a) L=D� 5, b) L=D� 7,

c) L=D� 9.

Fig. 8 Variation of axial position in relation to a) the mass flow ratio, and b) pressure recovery relating to the leeward side at �missile � 0� (left) and

windward side at �missile � 180� (right), �intake � 90� and M0 � 2:5.
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To gain a better impression of flow development over the whole
missile body, the flow field is visualized with the oil flow method.
Figure 11 shows the streamlines caused on the surface on the leeward
side. The surface streamlines are symmetrical and their pattern
reveals counter-rotating vortices (taking account of [22]) that cause
mass flow and pressure losses. These vortices also develop from the
apex of the cone [5,22,23], which means that the position of the
intake is of great importance.Downstream, the oilflow image ismore
complex and indicates primary and secondary vortices. Regarding
the leeward surface streamlines, a conspicuous feature is the sharp
black lines on the surface where the paint has been wiped off. The
black lines seem to be an indication of embedded shocks [24] or of
vortex-induced shocks. These kinds of shocks are also found in a
similar investigation, see [25].

Figure 11 shows corresponding static pressure coefficients, which
are calculated usingmeasured pressurewith a Pressure Systems, Inc.,
system and apply the following relationship [26]

cP �
pst � pst0

�
2
� pst0 �M2

0

(8)

where the static pressure of the incident flow is calculated with

pst0 � pt0 �
�
1	 � � 1

2
M2

0

�� �
��1

(9)

The negative pressure coefficient values on the leeward center are
caused by the separated flow and vortices [22].

Fig. 9 Schlieren image and Pitot pressure profile (mirrored) at a) �� 15�, and b) �� 18�, L=D� 5,M0 � 2:5.

Fig. 10 Pitot pressure profiles (mirrored) at M0 � 2:5 and �� 15�:
a) L=D� 7, and b) L=D� 9.

Fig. 11 Top view of leeward side: oil flow image (top) and distribution of pressure coefficient (bottom) at M0 � 2:5 and �� 15�.
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The leeward flow strongly affects intake performance. For the
leeward side at least, the effect of the variation in the axial intake
position must not be underestimated. Considering a given missile
length, intake performance is better if it is positioned in the upstream

part. Unfortunately, this also necessitates a long channel (diffuser)
connecting the intake to the combustion chamber. It has also a
negative impact on the internal aerodynamics, e.g., higher friction,
stronger flow separation and pressure losses. In addition themissile’s
weight will also grow.

B. Effects of Intake Roll

Because of the flow separation problems described above, the
intakes are mainly mounted on the windward surface of the missile.
This chapter of the paper is therefore devoted to the windward side
flow phenomena. The intake’s external compression depends on the
angle between the flow and the intake ramps. To focus on the intake’s
compression, the following analyses relate to the intake located on
the windward side. For the first tests, the intake was therefore placed
at �missile � 180� position. Figure 12 shows the effect of varying
intake roll angle at angles of attack between 0 and 15�. To compare
the supercritical mass flow ratios for the intake’s roll angles of
�intake � 0, 90, 180, and 270�, the mass flow ratio is normalized with
the mass flow ratio of the respective roll angle at the design angle of
attack of�� 0�. Thus, the normalizedmassflow ratio is expressed as

mass flow ratio of �

mass flow ratio of �� 0�
�

_m3

_m0

_m3;��0�
_m0

� _m3

_m3;��0�
(10)

The intake with the roll angles of �intake � 90 and 270� is
symmetrical and therefore the mass flow rates are almost identical.

Fig. 12 Normalized mass flow ratio diagram of �missile � 180�,

L=D� 9,M0 � 2:5.

Fig. 13 Normalized mass flow ratio diagram of a) �intake � 0�, b) �intake � 90�, c) �intake � 180�, and d) �intake � 270�, L=D� 9, M0 � 2:5.
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But the characteristics at intake roll angles of �intake � 0� and 180�

are entirely different. At �intake � 0�, the angle between flow
direction and ramp angle rises in contrast to the �intake � 180�

configuration, where this angle is reduced, i.e., the compression of
the �intake � 0� configuration increases and consequently the mass
flow rate as well.

Because there is an obvious dependency of intake performance on
the intake roll angle, further detailed analyses were performed at
different roll angles and are described below.

C. Effects of the Main Missile Body Roll Angle

First the intake is rolled around themissile bodywith afixed intake
roll angle at L=D� 9. For better comparison, the mass flow ratio is
normalized with the value at �� 0� [see Eq. (10)]. The results for all
four intake roll angles are shown in Fig. 13.

Large mass flow losses are apparent at missile body roll angles of
�missile < 90�. As described in Sec. III.A, these losses are mainly
caused by the leeward vortices. The diagrams with the intake roll
angles of �intake � 90� (Fig. 13b) and 180� (Fig. 13c) show an
increase at the normalized mass flow ratio (i.e., smaller losses) with
increasing missile body roll angle �missile. The reason for this is the
growing ramp angle with respect to the approaching flow with
growing angle of attack �. Hence, an increase in compression causes
a growing mass flow.

A reduction in the mass flow rate caused by a decrease in
compression was measured at the intake roll angle of �intake � 270�

(see Fig. 13d). This configuration is an exception, because its
reference at �� 0� shows better performance for the full range of
missile roll angles 0� < �missile < 180�. In contrast, the configuration
�intake � 90� features better compression and therefore better
performance. On account of the growing angle of attack, the angle
between incident flow and intake ramp grows with the �intake � 90�

and falls with the �intake � 270� configuration. Note that in Fig. 13d
at �� 27� and �missile � 45�, the intake does not start, i.e., even with
an open throttle (Sec. II.C) the back pressure can be too large.

On the windward side mass flow losses are also present, e.g., the
�intake � 180� configuration at a missile roll angle of �missile � 180�

in Fig. 13c. This reduction in the mass flow rate is not only caused by
reducing the ramp angle with respect to the approaching flow with
growing angle of attack �, but also caused by the decrease of the
projected cross section created by the leading edge of the ramp and
the edge of the cowl, where the upstream leading edge of the ramp is
blocking the incident flow. Rolling the intake to a intake roll angle of
�intake � 0� at a missile roll angle of �missile � 180�, the upstream
leading edge of the ramp is not blocking the incident flow anymore.
With growing angle of attack � the projected cross section (between
the leading edge of the ramp and the edge of the cowl) is increasing
and causes a growing mass flow, which is shown in Fig. 13a.

Looking at all four diagrams at Fig. 13, the difference between
�� 9� and 12� is conspicuous and clearly visible at a missile body
roll angle of, for example, �missile � 30�. To analyze this effect,
schlieren images and Pitot measurements were carried out at these
angles of attack. At�� 9� aflow separation is visible in the schlieren
image (see Fig. 14). The Pitot rake is located at the intake position.
The Pitot pressure data show a region of low pressurewhich interacts
with the intake boundary line. Figure 15 shows amore enhancedflow
separation at an angle of attack of 12�. The vortex-embedded flow
completely enters the intake and, as shown in the Pitot diagram,
changes the pressure distribution inside the intake considerably.

At missile body roll angles of �missile > 90�, the incident flow is
influenced, amongst other things, by the cone shock. The resulting
intake performance depends on its compression, which increases for
intakes with a roll angle of �intake � 0� (Fig. 13a) and 90� (Fig. 13b).
Noticeable is the rise inmassflowabove the reference line (�� 0�) at
small angles of attack. At a missile roll angle of �missile � 135�, the
massflow ratio is greater than 1 at.all angles of attack. To ensure good
performance over the whole angle-of-attack range, the intake should
be positioned at missile roll angles of 135� � �missile � 180�, i.e., on
the windward side.

D. Missile Configurations

Based on the results of the tests described above, two missile
configurations have been identified as more feasible. The chosen
configurations have intake roll angles of �intake � 0� and 90�, which
have better characteristics than the other two with intake roll angles
of �intake � 180� and 270�. The intake is located at the rear axis
position (L=D� 9) at an missile roll angle of �missile � 135�. At this
downstream intake position, its distance from the combustion
chamber is short and the interference of a symmetrical two-intake
configuration is negligible. Furthermore, the intake performance
between the three axial positions are similar on the windward side
(results of Sec. III.A).

Figure 16 shows the supercritical mass flow ratio calculated with
Eq. (10) for the configurations �intake � 0� and �intake � 90� over a
large angle-of-attack range of�27� � � � 15� (results of Sec. II.C).

Fig. 14 Schlieren image and Pitot pressure profile (mirrored) of

�missile � 30� at �� 9�, L=D� 9, M0 � 2:5.

Fig. 15 Schlieren image and Pitot pressure profile (mirrored) of

�missile � 30� at �� 12�, L=D� 9,M0 � 2:5.
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For negative angles of attack the symmetry of the configurations is
used.

At positive angles of attack the intake’s compression yields an
increase in mass flow ratio. The �intake � 90� configuration has a
mass flow ratio up to 3.4% higher than the �intake � 0� configuration.
On the leeward sidewith rising negative angles of attack, the intake’s
compression decreases, the side wall and the leading edge of the
ramp is partially blocking the incident flow and consequently the
mass flow rate decreases. Here the �intake � 0� configuration has a
higher mass flow ratio with a maximum difference of 11%. These
two configurations can be used if high intake performance during
maneuvers at positive angles of attack is required. (Note that these
differences are due in small part to intake position and in large part to
intake design itself.)

Nevertheless, if the main objective is good performance in
maneuvering flight at negative angles of attack, the intake roll angles
are preferably �intake � 180� and 270�, as can be seen in Fig. 17.

At negative angles of attack, the intake compression increases at
small angles at which the vortices are not strongly developed. But as
mentioned in the previous section, this angle-of-attack region is
small compared with the higher negative angles of attack, where the
mass flow decreases significantly. Thus, the maneuvering capability
of agile missiles would be limited except within this small angle-of-
attack region.

(Note: There are other configuration which could be considered,
e.g., the �intake � 45� configuration at �missile � 135�. Its perform-
ance should be better for positive angles of attack. Though, for a
actual application additional structures need to be placed between
intake and missile. Attaching the intake tube to the missile, the

missile’s front surface increases which results in a larger drag
compared with the present configurations.)

IV. Conclusions

The intake’s performance at different positions around the missile
body has been studied in the TMK. Systematic experiments were
carried out by varying the axial position of the intake, the intake roll
angle and themissile roll angle. All tests were performed at the intake
design Mach number of 2.5 within an angle-of-attack range of
�30� � � � 30�. Besides the measurement of the main intake per-
formance parameters, i.e., mass flow rate and pressure recovery,
static and Pitot pressure were measured and the flow was visualized
using schlieren and oil flow techniques.

The intake shows differences in performance at different angles of
attack (�30� � � � 30�) when its axial position is varied along the
missile body. Furthermore, intake performance shows a strong
dependency on intake roll angle (0� � �intake � 270�) and missile
roll angle (0� � �missile � 180�). The main reasons for these
differences are the complex flow phenomena around the missile,
e.g., flow separation, vortex formation, etc., and varying projected
intake cross section and intake compression.

Two main flow phenomena affecting intake performance have
been identified. On the leeward side the intake performance is poor
even at intake roll angles of �intake � 90� and 180� with a higher
external compression. The vortices develop from the apex of the
missile cone and expand over themissile length, resulting in losses of
massflowandpressure recovery.On the contrary, the dominant effect
on thewindward side is the higher external compression of the intake
with �intake � 0� and 90�. This compression leads to an increase in
mass flow and pressure recovery at a missile body roll angle of about
�missile � 135� for almost every angle of attack.

The preferred position is on the windward side, where better
performance (at positive �) than for the design condition at �� 0� is
achieved. It is possible to mount two intakes on thewindward side of
themissile symmetrically and 90� apart from each other seem to yield
the ideal performance for a ramjet. A downstream intake position
close to the combustion chamber is more favorable because of better
internal aerodynamics and less weight.
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