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An experimental study of flows over a single expansion ramp nozzle with flush-mounted side walls was carried out

at the DLR, German Aerospace Center. The tests were performed at a freestream Mach number of 7 in the

hypersonic wind tunnel H2K in Cologne. The Reynolds number and nozzle pressure ratios in the wind-tunnel flow

were varied to study the performance of the scramjet nozzle at different flight altitudes and run conditions. The static

pressure distribution on the single expansion rampwasmeasuredbyboth the pressure-sensitive paintmethodandby

using pressure transducer taps located at discrete points on the surface. These two methods showed that the nozzle

pressure ratio and the freestream Reynolds number do not substantially influence the static pressure ratio on the

expansion ramp. A pitot rake was also used to measure the pressure distribution in the nozzle wake. Using this

technique the nozzle flow in the wake could be visualized and the strong influence of the nozzle pressure ratio on the

interaction between nozzle and external flows was revealed. The data obtained by the different measurement

techniques permitted a characterization of the nozzle flow and gave insight into the properties of single expansion

ramp nozzle flows. The thrust generated by the nozzle, the thrust efficiency coefficient, and the thrust vector angle

were calculated by using the pressure data obtained by both pressure measurement techniques and the results

compared. It was shown that thrust values obtained from pressure tap measurements were overestimated. Criteria

were developed to aid in the design and optimization of the thrust-related performance criteria for this single ramp

nozzle.

Nomenclature

A = area, m2

b = width of nozzle, m
cfg = thrust efficiency coefficient, �
F = force, N
h = height of nozzle entrance, m
Ma = Mach number, �
n = direction normal to the surface
p = pressure, N �m�2
R = general gas constant, 287 m2 � s�2 � K�1 for air
ReU = unit Reynolds number, m�1

T = temperature, K
t = time, s
x = streamwise distance from nozzle entry, mm
y = spanwise direction from nozzle centerline, mm
z = height above or below flap (see Fig. 4), mm
� = angle of attack, deg
�f = thrust vector angle, deg
� = heat capacity ratio, �
�x = ratio between PSP and PSI calculated thrust forces, �
�z = ratio between PSP and PSI calculated lift forces, �
� = nozzle pressure ratio, �� p0;N=p1, �
� = density, kg �m�3

Subscripts

A = exit plane of nozzle
E = entrance plane of nozzle
id = ideal
N = nozzle conditions
stat = static
t = total conditions
tot = total force
x, y, z = coordinate directions
0 = total conditions
1 = wind-tunnel freestream conditions
� = sonic condition

I. Introduction

A IRBREATHING propulsion is an alternative to the existing
rocket propulsion systems which carry their oxidant (e.g.,

liquid oxygen) on board [1–3]. This saves weight and allows larger
payloads. Aerodynamic stability and generation of sufficient thrust
aremajor problems of a hypersonic vehiclewith scramjet propulsion,
whereby the nozzle and external base flow interactions play a large
role [4]. Although the interaction of the hypersonic nozzle/afterbody
flowfield with a cold plume flow has been extensively studied [5–7],
there is still a lack of experimental data. It is therefore necessary to
study the aerodynamic phenomena which arise from the interaction
between the outer base flow and the hot nozzle flow, and to
understand their effects on the nozzle performance. This interaction
is mainly driven by temperature, viscosity, and heat capacity ratio
effects.

The dynamic interactions between the aerodynamics of the vehicle
and the thrust have also been studied numerically [8,9]. Ebrahimi
[10] introduced an efficient design code for scramjet nozzle design.
Ishiguro et al. in [11] show the results of a three-dimensional analysis
of scramjet nozzle flows which agree well (in certain aspects) with
the experimental results. In [12] the effects on the flow interaction of
employing simulant gases instead of air for the scramjet nozzle flow
are presented. Experimental studies investigating the interactions
between the external flow and internal nozzle flow have been shown
to be very complex and not fully understood as yet [13–15]. In [16] a
broad experimental study on the boundary-layer effects in a scramjet
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nozzle has been carried out. These experimental and numerical
studies, however, point to the necessity of further research in this
field.

As part of a research project that aims at improving the key
technologies for the design of a scramjet propulsion unit [17], the
goal of the present study is to investigate the flow of a generic 2-D
scramjet nozzle and carry out an experimental study of its
performance. Mitani et al. [18] performed an experimental study on
the performance of a scramjet nozzle, where they compared the
experimental data with the results obtained by an inviscid two-
dimensional chemical kinetic code. They showed that lift thrust and
main thrust are comparable and very sensitive to the nozzle
configuration.

In a previous experimental study [19] with a three-dimensional
single expansion ramp nozzle, extensive measurements using the
pressure-sensitive paint (PSP) technique, a pitot probe rake, and
surface pressure taps in the nozzle ramp had been carried out.
Reasonable to good agreement between PSP and surface pressure tap
values was obtained, although the presence of an asymmetry in the
pressure distribution on the ramp, seen by both methods (PSP and
pressure taps), could be attributed to side injection of the gas for the
internal nozzle flow into the plenum upstream of the nozzle ramp. In
spite of this, it could still be demonstrated that a meaningful physical
interpretation of the flow and its interactions with the surrounding
flow could be obtained. Therefore, in this present work, a different
injection mode has been designed, bringing the gas in from top and
on the centerline into the model plenum. Furthermore, a simpler 2-D
geometry of the nozzle ramp was chosen, and the side walls, present
in the first model, were flush mounted with the ramp (see Sec. II.B,
Fig. 2a). One of the objectives of the present study was to gain
information about both the nozzle flow of this two-dimensional
single expansion rampnozzle [which had been designed according to
the method of characteristics [20]] and also its interaction with the
external flow. Furthermore, the effects of the different position of gas
injection into the test model are investigated.

The influence of the heat capacity ratio, nozzle pressure ratio, and
freestream Reynolds number on the flow of a three-dimensional
single expansion ramp nozzle has already been investigated (see
[21,22]). Therefore, as in the previous study, different measurement
techniques are applied here to gain further information of the
flowfield and the thrust generated by the nozzle. The different
measurement techniques enable the visualization of different flow
aspects such as shock positions, shear layer position, and surface
pressure, as well as exhaust plume shape. Shock and shear layer
position aswell as the shape of the exhaust plumeweremeasured and
“visualized by means” of pitot pressure measurements. The surface
pressure distribution is obtained by pressure static measurements
(using embedded sensors) and the PSP method. This latter method
allows themeasurement of the pressure distribution on a large part of
the model surface and therefore gives more information than the
static pressure measurements at discrete points alone. Previous
experimental studies have demonstrated the applicability of the PSP
technique to supersonic flow regimes [21,22] and to the H2K
hypersonic wind-tunnel facility at the DLR in Cologne [19]. In this
work this application to H2K is continued and the various test
techniques are applied to a different single expansion ramp nozzle
model, which is at present under study in a new scramjet project in
Germany [23].

Amajor goal of this present work is to evaluate the performance of
this single expansion ramp nozzlewith respect to its generated thrust.
(As in the first study [20,22], only cold gas injection without
combustion has been used here.) The thrust generated by the single
expansion ramp nozzle was determined from both the Pressure
System Incorporation (PSI) and the PSP pressure measurements and
the results compared. This comparison enables one to estimate the
inaccuracies obtained if the thrust has been determined using only the
PSI sensors at discrete points on the ramp surface. The thrust
coefficient and the thrust vector angle were calculated for different
flow conditions, obtained by running the H2K tunnel at different
nozzle pressure ratios� and freestreamReynolds numbersReU. The
effects of these two parameters on the thrust, thrust coefficient, and

thrust vector angle were investigated, thus aiding in ascertaining the
optimal flow configuration to generate positive net thrust and hence
to accelerate the vehicle.

These experiments were performed at a freestream Mach number
Ma1 � 7 and Reynolds numbers of ReU � 4:0 � 106 and ReU �
8:0 � 106 to simulate different flight altitudes, viz., 30 and 25 km,
respectively. According to former experimental studies, the nozzle
pressure ratio � and the freestream Reynolds number ReU are the
main parameters affecting the nozzle flow behavior [24–26]. The
experimental results obtained by the pitot pressure measurements
and the PSP method are compared to gain complementary
information about the flow properties, the pressure distributions, and
the thrust of this scramjet nozzle.

II. Experimental Methods

A. Wind Tunnel and Test Conditions

The experiments were carried out in the H2K hypersonic wind-
tunnel facility of the DLR, German Aerospace Center in Cologne,
which has been described in more detail elsewhere [27]. In brief, this
facility is a blowdown wind tunnel with test durations of up to 30 s,
depending on the flow conditions. For these experiments, theMach 7
nozzle was used. The unit Reynolds number is given by the proper
choice of the total pressurep0 and T0 of the flow. A schematic sketch
of the hypersonic wind-tunnel facility is shown in Fig. 1. The wind-
tunnel flow conditions for these tests with the nozzle model are
summarized in Table 1; the accuracy of measurement is as follows:
�M=M� 0:50%, �T0=T0 � 0:75%, and �p0=p0 � 0:02%.

B. Model and Experimental Setup

Experiments with a single expansion ramp nozzle (SERN)
equipped with a generic forebody (see Fig. 2) were carried out. The
wind-tunnel model was designed in a modular way so that the single
components of the model can be exchanged, providing an easy
means of examining parametric and geometric variations. The single
expansion ramp nozzle (Fig. 2b) was designed using an in-house tool
to match the conditions (in terms of pressure and Mach number) at
the end of the combustion chamber of a scramjet vehicle. For these
tests the model and tunnel axes were aligned in parallel.

To provide a uniform flow, a honeycomb followed by a contoured
2-D Laval nozzle (Fig. 2b) was installed inside the settling chamber.
The Laval nozzle was necessary to provide supersonic flow and to
match the appropriate Mach number at the combustor exit, which
was Ma� 2 for these experiments. The entrance to the single
expansion ramp nozzle has a cross-sectional area of 20 mm height�
80 mm width.

The model is a 2-D single expansion ramp nozzle (see Fig. 3) with
a total length of 200 mm and a total width of 80 mm. The nozzle is
equipped with 26 pressure taps (orifices) in total. There are four on
the cowl, and 22 on the ramp, being placed along three different lines
in the flow direction. Fourteen are on the centerline, four are
displaced 35mm to the right side, and four are displaced 20mm to the
left side of the centerline (see Fig. 3), as seen when looking down the
nozzle in the flow direction. In Fig. 3 the positions of the pressure
orifices are marked by the black dots.

Figure 4 shows the entire model installed in the wind-tunnel
section (flow is from left to right). It can be seen that themodel is held
by a vertical strut that is mounted onto the side of the model and
connected to it by an adapter to attain a certain separation between the

Fig. 1 Hypersonic wind tunnel facility H2K.
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strut and the model. This separation prevents the shock originating
from the strut leading edge from perturbing the nozzle flowfield. The
angles of attack and yaw were not varied and set here to 0 deg.

The exhaust gas (nozzle internal flow) was supplied to the nozzle
plenum by a pipe, which was connected to the plenum at the
beginning of the settling chamber at one end and to a tube at the other
end, through which the test gas, which is stored in an external
separate reservoir near the wind tunnel, was injected. In the previous
experimental study [19], the pipe had been connected to the side of
the forebody, which resulted in the measured asymmetric pressure
distributions described before. To avoid this asymmetry and improve
the quality of the flow, the pipe is now connected on the centerline on
top of the settling chamber.

C. Measurement Techniques

During the experiments the jet total pressure p0;N and total
temperature T0;N are measured with a pitot tube and a thermocouple
in the settling chamber downstream of the honeycomb and upstream
of the internal Laval nozzle. The static pressures on the single
expansion ramp nozzle are measured with a PSI module with the
range of 15 psi (�105 kPa).

1. Pitot Pressure Measurements

To obtain a pressure distribution of the flowfield, pitot pressure
measurements were carried out. The pitot rake had 14 pitot probes
placed 6 mm apart, leading to a total pitot rake span of 79 mm. To
measure the pitot pressure distribution in the entire flowfield, the

pitot rake is displaced in axial (x) and vertical (z) directions. Figure 5
shows the displacement unit; the coordinate system used is also
shown. The pitot rake ismounted to a rodwhich ismoved in a vertical
direction by a linear motor, and a potentiometer is used tomeasure its
position. The entire unit of potentiometer, rod, and pitot rake can be
moved in the x (flow) direction. The measurement of the pitot
pressure at different z and x positions enables a mapping of the flow
over and downstream of the nozzle. The achieved spatial resolution
of this process depends on the adopted step sizes in the z and x
directions: here �z� 2 mm and �x� 30 mm were used. Hence,
for each x position a grid of points in the y–z plane is measured; with
�y� 6 mm and�z� 2 mm as the grid spacing, the representation
as a continuous flowfield can be obtained by interpolating between
the discrete points.

The pitot tubes are also connected to a PSI module with the same
operating range of 15 psi, which records and then digitizes the
pressure values in a scanner interface, from where they are sent to a
computer. For more details on how the pitot measurements are
carried out and how the flow properties are ascertained, see [19,25].

2. Pressure-Sensitive Paint Method

The PSP measurement technique as used here is based on the
photochemical deactivation by oxygen molecules of excited (paint)

Fig. 2 Forebody and nozzle.

Fig. 3 Pressure orifices of the two-dimensional single expansion ramp

nozzle.

Fig. 4 Side view of the nozzle model connected to a forebody.

Table 1 Wind-tunnel flow conditions

Flow properties Wind-tunnel condition I Wind-tunnel condition II

Freestream Mach numberMa1, � 7 7
Freestream pressure p1, Pa 260 515
Freestream temperature T1, K 60 60
Freestream density �1, kg=m

3 0.015 0.029
Total temperature T0, K 650 650
Total pressure p0, Pa 10 � 105 21 � 105

Unit Reynolds number ReU , 1=m 4 � 106 8 � 106
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molecules called luminophores. When these luminophores absorb
UV light, the intensity of their fluorescence at higher wavelengths is
dependent on the concentration of oxygen (viz., air) in their
surroundings [28]. As in the previous study [19,25], theDLR02 paint
formulation has been used. Excitation in the UV is from a flash lamp
operating at 20 Hz, and fluorescence of the pressure-dependent and
pressure-independent components of the paint occurs at 450–550
and 600–650 nm, respectively. Two cooled PCO charge-coupled
device (CCD) cameras with 12-bit resolution and exposure times of
1.7 s were used for image acquisition; hence, at 20 Hz, the fluores-
cence arising from about 34 flash lamp pulses was cumulatively
stored on the CCD chips, leading to an averaging of the pressure
levels over this time window. By using filters in front of the cameras,
the one camera captured only the pressure-sensitive signal and the
other only the reference pressure-insensitive signal.

A calibration of the optical pressure sensor is carried out in situ in
the wind tunnel and on separate samples in a PSP calibration
chamber where both temperature and pressure can be varied. The
temperature of the model surface in the H2K wind tunnel was
measured before, during, and after the experiment using a
Thermacam 3000 (FLIR Systems) infrared (IR) camera. An
overview of the PSP setup is shown in Fig. 6.More details on the PSP
technique, as used here, are given in [19,25].

The various sources of measurement uncertainty in the PSP
measurements were discussed in the previous study [19]. Using a
similar approach here, the total uncertainty from all sources was
estimated as the square root of the summed squares of the individual
errors. By far the largest contribution comes from the (known)
variation in temperature over the nozzle ramp surface, which is�6 K
(this corresponds to an error in pressure, when using just a single,
average temperature for the whole surface, of �2:1% for the
measured temperature range, based on the temperature dependence
of this paint as determined in the calibration chamber). The total error
for PSP is about 5%.

III. Experimental Results and Discussion

A. Flow Properties of the Single Expansion Ramp Nozzle

1. PSP Results

Figure 7 shows the normalized static pressure distribution
obtained by the PSP method for a freestream Reynolds number of
ReU � 8 � 106 and a nozzle pressure ratio of�� 500; also shown
are the positions of the pressure orifices on the left, center, and right
lines (as described before in Sec. II.B) and the characteristic lines of
the expansion fan (from the calculation). The PSP pressures could
only be measured at x � 20 mm, due to the limited optical access
farther upstream. Figures 8a–8c compare the PSP measurements
along the three lines with the PSI values. Only two PSI values for the

left line, Fig. 8c, are shown, because the last sensor in this line had
malfunctioned during the tests. For the data obtained with the PSI
transducers, the error is�0:15% of the full scale pressure range of the
used PSI module, leading to a measurement uncertainty here of
�1:55 mbar. Therefore, the error bars for the PSI measurement are
of the size or smaller than the symbols representing their values in
these figures. Representative PSP error bars are shown in Fig. 8a. All
pressures are plotted normalized to the total nozzle pressure p0;N .

Figure 7 shows that the flowfield is fully established and
symmetric in the y direction, confirming the improvement brought
about by the top injection position used here. Figures 8a–8c also
show the excellent agreement between the PSI and PSP measure-
ments for all three lines (center, left, and right). Whereas in the
previous measurements [19] the agreement between PSP and PSI
values had not been equally good over the total range of x, an effect
which at that time could not be fully explained, in this experimental
study the agreement is excellent over the whole range of points. [A
likely reason for the improvement here is the optimization of the
positioning of the excitation (light) source relative to the model,
leading to a more evenly distributed radiation over the whole model
surface.]

Figures 8b and 8c show the typical pressure distribution expected
for a single expansion ramp nozzle: a high pressure region at the
beginning of the ramp followed by a sudden decrease of the pressure
due to the 3-D expansion. The two regions (high and low pressure)
are separated by a pressure plateau between about x� 25–50 mm.
The reason for this is that the slope of the nozzle contour is constant in
this region; hence the flow is not further accelerated in the x direction
in this region. The different rates of pressure drop in Figs. 8b and 8c
are due to the different positions in the y direction of the two lines of
pressure orifices: the values from those sensors which are farther
from the centerline (viz., left line at y� 35 mm) exhibit a more rapid
drop in the x direction due to the 3-D expansion being stronger there.

a. Influence of Nozzle Pressure Ratio. Figures 9 and 10 show
the influence of the nozzle pressure ratio � on the pressure
distribution on the surface of the single expansion ramp: depicted
are the normalized pressure distributions for nozzle pressure ratios
�� 250 and 375, both at a freestream Reynolds number of
ReU � 8 � 106. The result of varying� can be seen to be very small.
The pressure distribution over the surface is quite remarkable,
because, in fact, this single expansion rampnozzle had been designedFig. 5 Pitot rake displacement unit.

Fig. 6 Setup for PSP.

Fig. 7 PSP measurement results for ReU � 8 � 106 and �� 500.
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to be 2-D. Because the pressure pattern mirrors the flow pattern,
however, it is obvious that the nozzle flow here is highly three
dimensional. It can be seen that due to the 3-D expansion the pressure
decreases not only in the streamwise (x), but also in the spanwise (y)
direction, revealing the typical pattern of an expansion fan at both
upper corners of the sides. TheMach number behaves in an opposite
way to the pressure: high/low pressures indicate low/high Mach
numbers, respectively. This measured pressure distribution is as
expected: the flow along the freestream boundary of the exhaust
plume in the y direction accelerates more strongly than inside the
exhaust plume.

In the x direction the pressure level also decreases due to the
expansion of the flow. The pressure, however, suddenly increases at
one point, where a higher pressure plateau (at around x� 150 mm

and y��5 to 5 mm) is found. This plateau along the centerline is
most likely caused by the interactions of the characteristics
originating at the entrance of the nozzle and reflected at the
freestream boundary of the exhaust plume with the flow along the
expansion ramp (see Fig. 11).

The pressure distribution along the y direction is plotted in Fig. 12
for different streamwise (x direction) positions. At x� 50 mm the
pressure plateau is very broad, with the width of the plateau in the
y direction decreasing as one moves farther downstream in the
x direction. The reason for this behavior is the aforementioned 3-D
expansion that decreases the pressure in both the x and the
y directions. At x� 150 mm the peak of the pressure distribution
due to the above-mentioned interactions of the characteristics with
the expansion ramp flow can be clearly seen. Downstream of this

Fig. 8 Comparison between PSI and PSP pressure measurements for ReU � 8 � 106 and �� 500.

Fig. 9 PSP pressure measurements for ReU � 8 � 106 and�� 250.

Fig. 10 PSP pressure measurements for ReU � 8 � 106 and�� 375.
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position the pressure distribution is very flat again, not having a
discernible single peak. In comparison between the pressure
distributions for the two nozzle pressure ratios �� 250 and 375,
Figs. 12 and 13 once again exemplify that the pressure distribution is
little affected by a variation of �.

This similarity can be more clearly seen in a comparison of the
pressure distributions for two different combinations of �=ReU
(500=8 � 106 and 1000=4 � 106), as shown in the pressure field plot
of Fig. 14 and the sections across the pressure field in Fig. 15. In both
cases the same nozzle total pressure p0;N � 2:6 bar applies. As can
clearly be seen, the differences in both figures are very small. This
result shows again that the normalized pressure distribution is
independent of the nozzle pressure ratio. Therefore, the pressure
distribution for any nozzle pressure ratio can be easily obtained by

multiplying the normalized pressure distribution, obtained for a
certain nozzle pressure ratio, with the corresponding nozzle total
pressure. The pressure distribution on the expansion ramp does not
depend on the external flow, but only depends on the nozzle total
pressure, which then determines the overall gross thrust obtained.
The drag of the exhaust plume, however, is influenced by the nozzle
pressure ratio.

b. Influence of the Freestream Reynolds Number. The
influence of the freestream Reynolds number has also been
investigated. From previous experimental studies [19] it is known
that the influence of the freestream Reynolds number is fairly small
for underexpanded nozzles. But due to the fact that this new 2-D
nozzle had been designed with flush-mounted side walls, it was
expected that there may be some influence of the external flow on the
nozzle flow. Figures 16 and 17 show the pressure distribution for
�� 500 and for two different freestreamReynolds numbersReU �
4 � 106 and 8 � 106. As can be clearly observed, the influence of
ReU on the pressure distribution is barely detectable and almost
certainly negligible. This observation supports the above statement
that the pressure distribution and thus the gross thrust dependmainly
on the nozzle total pressure. The flow pattern, however, seems to be
fully independent of the flow parameters and only dependent on
geometry parameters such as the nozzle contour in the investigated
region. Figure 18 shows a comparison of pressures for the two
different freestream Reynolds numbers in the spanwise direction at
different streamwise locations. The solid lines represent the results
for ReU � 4 � 106 and the dashed lines for ReU � 8 � 106. Small
differences in normalized pressure are seen only at a streamwise

Fig. 11 Schematic of nozzle flow and characteristics originating at

entrance of nozzle.

Fig. 12 Pressure slices in the y direction at different streamwise

positions for ReU � 8 � 106 and �� 250.

Fig. 13 Pressure slices in the y direction at different streamwise

positions for ReU � 8 � 106 and �� 375.

Fig. 14 Comparison of PSP pressure measurements for ReU � 8 � 106

and�� 500 (on the left side of the ramp) as well as ReU � 4 � 106 and
�� 1000 (on the right side of the ramp).

Fig. 15 Comparison of PSP pressure measurements for ReU � 8 � 106

and�� 500 (solid lines) as well asReU � 4 � 106 and�� 1000 (dashed
lines).
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position of x� 50 mm, whereas at other larger values of x they
coincide almost exactly. The independency from the Reynolds
number on the pressure distribution was also found for symmetrical
rocket nozzles in [29].

The PSP results obtained here show again that this technique is a
useful way of visualizing the pressure distribution on the entire

surface of this scramjet nozzle, aiding in the detection and
understanding of the flow phenomena in a better way than pressure
measurements using only the PSI sensors alone could have provided.
The excellent agreement with the PSI pressure measurements
showed that a qualitatively and quantitatively correct pressure
distribution for the scramjet nozzle could be obtained. PSP clearly
reveals more information about the flowfield than local PSI pressure
measurements and allows a better assessment of the nozzle flow. For
complicated model geometries the thrust can be calculated more
easily and accurately by the pressure-sensitive paint method than by
local PSI pressure measurements [28], see also Sec. III.B.

2. Pitot Pressure Measurements

Pitot pressure measurements have also been carried out to obtain
3-D spatial information of theflowfield in thewake of the nozzle. The
pitot rake was mounted at a downstream position x� 220 mm, that
is, 20 mm downstream of the nozzle, thereby enabling the influence
of varyingReU and� on the nozzle flow and on the interactions with
the externalflow to bemeasured. Figures 19a–19c show the results of
the pitot pressure measurements with the rake at x� 220 mm and at
the one value of ReU � 8 � 106, but at three different values of �,
viz., 500, 250, and 191. It can be seen that the nozzle flow in thewake
of the nozzle is not independent of the nozzle pressure ratio, with the
pitot pressure varying significantly in the upper region of the
measured field at positions z � 25 mm.

The high pressure region between y��40 to 	40 mm and
z��70 to �40 mm is very similar in all three cases. The nozzle
flow along thewall of the ramp seems to be independent of the nozzle
pressure ratio, a result which was revealed by the PSP pressure
measurements presented earlier and now confirmed by the pitot
pressuremeasurements. However, in other regions farther away from
the wall, the results differ markedly. The reason for this is the
differing nozzle pressure ratio and the resulting different interactions
with the externalflow. The nozzle pressure ratio influences the size of
the exhaust plume which then in turn affects the external flow itself.
Because of the stronger expansion of the flow for higher nozzle
pressure ratios, for example,�� 500 in Fig. 20a, the exhaust plume
becomes enlarged in the z and y directions and thereby displaces the
external flow more than in the cases of lower nozzle pressure ratios.
Therefore, the influence of the external flow on the nozzle flow can
already be seen for the lower nozzle pressure ratios �� 250 and
�� 191, where higher pressures in the upper region can be seen
(this is especially so in the top right corner, z� 0 mm,
y�	30 mm).

As previously stated, higher pitot pressures usually indicate lower
Mach numbers (and vice versa). For �� 500 the lowest pitot
pressures are to be found at the top right- and left-hand corners aswell
as at the very bottom. These low pressure regions help to identify the
positions of the freestream boundaries of the exhaust plume, where
the largest flow acceleration occurs. In the case of�� 500 the flow
expands at the end of the nozzle so strongly that the exhaust plume is
still within the measurement plane at the streamwise position
x� 220 mm. This is not the case for the other two nozzle pressure
ratios as can be seen from the pitot pressure values. At this
streamwise position the influence of the external flow on the nozzle
flow is already detectable at the lower and upper regions due to the
fact that the exhaust plume in the y and zdirections is smaller and thus
the displacement of the external flow. It seems that the boundaries
(shear layer) of the exhaust plume are visible inside themeasurement
plane for the lower nozzle pressure ratios, whereas for�� 500 the
boundaries are still located outside the measurement plane and
therefore not visible. The interactions of the internal and external
flows affect the drag of the nozzle. Because the displacement of the
external flow at the lower nozzle pressure ratios is smaller, the drag
caused by the external shocks (Fig. 11) is therefore also smaller.

The influence of the freestream Reynolds number was also
investigated, but, as Figs. 20a and 20b show, the influence is rather
small (if, indeed, not negligible) in the investigated region.
Noticeable differences can only be found at the very bottom and at
the top right-hand corner. Thismay be partially due to the fact that the

Fig. 16 PSP pressure measurements for ReU � 4 � 106 and �� 500.

Fig. 17 PSP pressure measurements for ReU � 8 � 106 and �� 500.

Fig. 18 Comparison of PSP pressure measurements for �� 500 and

two different freestream Reynolds number ReU � 8 � 106 (solid lines)

and ReU � 4 � 106 (dashed lines).
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nozzle pressure ratio is not exactly�� 500 in both cases, so that the
observed differences may be a nozzle pressure ratio rather than a
Reynolds number effect. It is very difficult with this wind tunnel to
match the conditions from one run to the next exactly, so that small
variations in � are always possible.

B. Thrust of the Single Expansion Ramp Nozzle

1. Ideal Thrust

The ideal thrust Fid is needed to calculate the thrust efficiency and
to estimate the performance of the nozzle. The governing
equation (1) for the ideal thrust can be expressed in the followingway
(�A, VA, and AA are the density, velocity, and area at the nozzle exit
plane, respectively):

Fid � �A � V2
A � AA � �A � V2

A � AE �
AA
AE

� pA
R � TA

�Ma2A � � � R � TA � AE �
A�

AE

AA
A�

� AE �
A�

AE
� pA � � �Ma2A �

AA
A�

(1)

With pA � p1 and p0;N as the nozzle total pressure, the equation for

the ideal thrust becomes

Fid � AE �
A�

AE
� p0;N �

p1
p0;N

� � �Ma2A �
AA
A�

(2)

By inserting the following relations:

p1
p0;N

�
�
1	 
� � 1�

2
�Ma2A

� �
��1

) Ma2A �
��
p0;N

p1

���1
�

� 1

�
� 2

� � 1

and

AE
A�
�
� 2
�	1 � 
1	

��1
2
Ma2E�


�	1
2
��1�

MaE

into Eq. (2), the final equation for the ideal thrust then becomes

Fig. 20 Pitot pressuremeasurements for different freestreamReynolds numbers (�� 500 anddownstreamposition x� 220 mm are the same for both

figures).

Fig. 19 Pitot pressure measurements for different nozzle pressure ratios� (ReU � 8 � 106 and downstream position x� 220 mm are the same for all
three figures).
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Fid � AE � p0;N �

����������������������������������������������������������������
2 � �2
� � 1

�
�

2

� 	 1

��	1
��1
� 
1 ��

1��
� �

s

� MaE

� 2
�	1 � 
1	

��1
2
Ma2E�


�	1
2
��1�

(3)

This is the maximum gross thrust that an optimized nozzle could
generate, neglecting drag and other losses. The ideal thrust can only
be obtained with a parallel flow at the end of nozzle. In reality,
however, to meet this criterion would result in an oversized nozzle,
increasing its weight and drag considerably. Because most of the
thrust is generated at the beginning of the nozzle, the benefit in thrust
of a longer nozzle is not compensated by the increase in weight and
drag of such long nozzles [30,31]. Therefore the nozzles of scramjet
engines are truncated at a certain position and integrated into the
airframe to reduce their overall size and weight [12,32]. The Rao
criterion [33] is used to truncate the nozzle and to design its contour
so that the maximum thrust is obtained with the given truncation.

The truncation of the nozzle causes a lower thrust than ideally
possible; hence the thrust efficiency coefficient cfg is introduced in
Eq. (4) to measure the deviation from the ideal thrust and to quantify
the performance of a nozzle:

cfg �
F

Fid

(4)

Another important indication of the performance of the nozzle is
the thrust vector angle �f [Eq. (5)], defined as

�f � arctan
Fz
Fx

(5)

Depending on the size of the thrust vector angle, the flight vehicle
may have to be trimmed to guarantee a stable flight path. The higher
the thrust vector angle, of course, the greater the efforts needed to
trim the flight vehicle. These then are the three factors needed to
assess the performance of a nozzle and to compare its performance
with other configurations and other nozzles: the gross thrust F, the
thrust efficiency coefficient cfg, and thrust vector angle �f .

Figure 21 shows the ideal thrust as a function of the nozzle
pressure ratio for a nozzle total pressure of p0;N � 1:33 bar and a
Mach number at the entrance of the nozzle ofMaE � 2. It can be seen
that the ideal thrust increases with increasing nozzle pressure ratio,
but that the growth rate also decreases, with the value for Fid

approaching a value of about 2285 N asymptotically (for the present
nozzle total pressure p0;N , Mach numberMaE, and entrance area AE
of the nozzle). The ideal thrust can be increased by a higher nozzle
total pressure p0;N , a higher entrance area AE, or a smaller entrance
Mach numberMaE. The aim of the combustion process is to obtain
high nozzle total pressures and lowerMach numbers at the end of the

combustion chamber and beginning of the nozzle to obtain high ideal
thrusts. With increasing nozzle total pressures, the nozzle pressure
ratio also increases as long as the freestream pressure is constant, that
is, as long as the flight path altitude of the flight vehicle does not
change markedly.

2. Measured Generated Thrust

The thrust that is actually generated by the designed nozzle is
calculated in two ways in the present work to highlight the
differences and the influence of the 3-D expansion of the nozzle flow
on the thrust: thrust is calculated from pressure data measured by the
PSI pressure transducers (embedded sensors) and also by the PSP
technique. Because of geometrical restrictions in the experimental
setup and the resulting impeded optical access, the PSP pressure data
could only be obtained at streamwise x positions from x� 20 mm
until the end of the expansion ramp at x� 200 mm. Hence the region
in which PSP results are available, see the measurement zone of
influence indicated by the dashed rectangle in Fig. 22, does not cover
the whole surface of the ramp. The pressure data are available at any
grid point inside this rectangle, where grid distances of�x� 1 mm
and�y� 1 mm apply. With the PSP technique the pressure data of
this entire surface are obtained, whereas with the PSI pressure
transducers the pressure is obtained only at discrete locations (black
dots in Fig. 22).

Equations (6–12) used to calculate the forces from the pressure
data obtained by the PSP technique are

dFx � 
pi;j � p1� ��li;j ��yi;j � sin�i;j (6)

dFz � 
pi;j � p1� ��li;j ��yi;j � cos�i;j (7)

�li;j �
���������������������������
�x2i;j 	�z2i;j

q
(8)

�i;j � arctan

�
�zi;j
�xi;j

�
(9)

�xi;j �
xi;j	1 � xi;j�1

2
(10)

�yi;j �
yi	1;j � yi�1;j

2
(11)

Fig. 21 Ideal thrust for air and a nozzle total pressure of
p0;N � 1:33 bar.

Fig. 22 Measurement zone of influence of PSP and PSI as well as the
grid used here for calculation of thrust from the PSI and PSP pressure

measurements (see text).
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�zi;j �
zi;j	1 � zi;j�1

2
(12)

To obtain the forces on the entire surface where the PSP technique
was applied, the forces at every single grid point have to be added
according to the following Eqs. (13–15):

Fx
PSP� �
X

dFxi;j (13)

Fz
PSP� �
X

dFzi;j (14)

Ftot
PSP� �
������������������
F2
x 	 F2

z

q
(15)

The equations used to calculate the forces with the pressure data
obtained by the PSI transducers look similar to the ones for the PSP
technique, but the indices differ. The reason for that is that with the
data from the PSI transducers only a 2-D force can be calculated
along the line of the pressure transducers. The 3-D force is then
computed by multiplying with the width of the corresponding
measurement zone, leading thus to the Eqs. (16–21) to be used here

dFx � 
pj � p1� ��lj � sin�j (16)

dFz � 
pj � p1� ��lj � cos�j (17)

�lj �
������������������������
�x2j 	�z2j

q
(18)

�j � arctan

�
�zj
�xj

�
(19)

�xj �
xj	1 � xj�1

2
(20)

�zj �
zj	1 � zj�1

2
(21)

Now the forces at the single PSI transducers have to be summed to
obtain the 2-D force along the entire line leading to the following
Eqs. (22–24):

Fx
PSI� �
X

dFxj (22)

Fz
PSI� �
X

dFzj (23)

Ftot
PSI� �
������������������
F2
x 	 F2

z

q

2-D force� (24)

Two different methods for calculating the thrust over the whole
ramp surface from the PSI pressure measurements will be discussed.

Method 1: Here the thrust obtained via the pressures from the PSI
transducers and via the PSP technique inside the dashed rectangle is
calculated, whereby only the PSI pressure transducers along the
centerline are used. To compute the thrust with the PSI pressure data
at points where there are no sensors, it is assumed that the pressure is
constant between two single pressure orifices in a streamwise (x)
direction. First, the thrust is calculated along the line where the
pressure orifices are to be found. This is done with a spline
interpolation, as shown in Fig. 23.

Secondly, the thrust of the entire expansion ramp is calculated by
multiplying the thrust along the centerline with the corresponding
width of the dashed rectangle, that is, 80 mm. Obviously, there must
be large differences between the thrust calculated using the PSI
pressure data in this way and that calculated using the PSP pressure
data, because the pressure is clearly not constant over the total
y direction, due to the 3-D expansion of the nozzle flow. The
comparison of the thrust determined from PSI and PSP data is shown
in Table 2. Here it can be seen that the difference in calculated thrust
from the two measurement techniques, for both Fx and Fz, lies
between 20 and 30%. The table shows that the forces in the x and the
z directions are higher when calculated from the PSI pressure data.
This makes sense, due to the fact that in this case the expansion of the
flow in the y direction, with its concomitant pressure and hence thrust
decrease, is not taken into account. Because theflowcloser to the side
walls, however, has a lower pressure than along the centerline, the
thrust calculated by only the PSI pressure data must be too high. This
comparison also reveals the large error introduced by attempting to
obtain meaningful thrust data from pressure measurements at
discrete points along a single line only for the cases where there are
pressure gradients over the surface.

Method 2: As a further development of the simplification adopted
in method 1, the other two lines of pressure transducers to the left
(y� 20 mm) and right sides (y��35 mm) of the centerline are
now also included in the calculation of thrust from the PSI pressure
data. Because the PSP pressure measurements showed that the
nozzle flow is largely symmetrical about the centerline y� 0, in this
method the pressure values are mirrored about this centerline to
obtain the pressure data at the opposing y locations, that is, y�
�20 mm and y� 35 mm; this leads to five so-called zones of
influence of the PSI transducers for this second comparison, as
shown in Fig. 24.

Again the thrusts obtained from the two different (PSI and PSP)
techniques are calculated and compared as follows:p0;N � 0:98 bar,
T0;N � 279:51 K,�� 383:62, Fx;PSP � 6:43 N, Fz;PSP � 22:07 N,
Fx;PSI � 6:73 N,Fz;PSI � 23:64 N,�Fx � 5:0%, and�Fz � 7:0%.
In this case the differences are lower than in the first case, but still
there is amarked difference between the two thrusts. The forces in the
x and the z directions derived from the PSI pressure measurements
are also higher here, as with method 1, only this time the differences
between the forces are around 5% for the thrust (x) force and 7% for

Fig. 23 Spline interpolation for PSI pressure transducers.

Table 2 Derivation of thrust calculated by PSI (along the centerline) and PSP pressure measurements

p0;N , bar T0;N , K � Fx;PSP, N Fx;PSI, N �Fx, % Fz;PSP, N Fz;PSI, N �Fz, %

0.98 279.5 384 6.4 8.0 24.0 22.1 28.7 30.0
2.03 284.1 435 13.2 16.0 22.0 44.9 57.4 28.0
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the lift (z) force. The reason for this discrepancy is again that the
pressure in the far outside regions of the expansion ramp is not
accurately known with the PSI pressure transducers, so that the
simplification with the zones of influence used here leads again to an
overestimation of the pressure values at these side regions.

Because of the fact that the nozzle net thrust is very sensitive to any
disturbances and losses in the combustion chamber [1], it is
mandatory to be able to predict the available thrust as accurately as
possible. Because a nozzle has to generate a positive net thrust to
accelerate the vehicle, and because this net thrust is the difference
between the total thrust and the total drag, both quite large values, the
predictions must be known to quite a considerable degree of
accuracy. An improper estimation of the generated thrust can lead to
a catastrophic flight failure. The measurements shown here
demonstrate very nicely the necessity and the advantage of the PSP
technique in obtaining meaningful thrusts with sufficient accuracy
and over the whole surface of a thrust ramp.

After having compared the two different methods of calculating
the thrust in the dashed rectangular zone of influence (see Figs. 22
and 24), now the thrust for the entire nozzle surface is calculated.
This is done by using the available PSP pressure data inside the
rectangular zone, and the PSI pressure data on the ramp inside the
black rectangular zone (x < 20 mm, Fig. 22), and also on the cowl.
The following equations are applied:

F� � � V2 � A	 Ftot
PSP� 	 Ftot
PSI; x < 20 mm� (25)

F� � � V2 � h � 0:08	 Ftot
PSP� 	 Ftot
center; x < 20 mm� � 0:02
	 2 � �Ftot
left; x < 20 mm� � 0:0125
	 Ftot
right; x < 20 mm� � 0:0175
 (26)

The total force F consists of three components [Eq. (25)]: the
momentumpart, the contribution of the force obtained fromPSP, and
the contribution of the force fromPSImeasurements. The PSI force is
further divided into five parts, where the centerline determines a zone
of influence of width 20 mm, the left line a zone of 12.5 mm width,
and the right line a zone of 17.5 mm width, the sum in width of all
zones accounting for the total width of the ramp (80 mm). On the
cowl there are only three pressure transducers, so that a spline
interpolation along the centerline of the cowl is used. The thrust
along this line is then multiplied by the width of the cowl, leading to
the total force generated on the cowl. The entire thrust is then
computed by using Eqs. (25) and (26), where the contribution of the
momentum at the entrance of the nozzle is also included. The
governing equation to calculate the thrust generated by the nozzle is
as follows, taking into account themomentum and pressure along the
wall surfaces [34]:

F ��b �
�Z

D

A


p � p1� � n � ds	
Z
C

B

� � V � 
V � n�ds
�

(27)

The integration boundaries for the thrust calculation and the
position of the pressure transducers along the centerline of the
expansion ramp and the cowl are shown in Fig. 25.

The thrust is calculated for different combinations of wind-tunnel
run parameters to study the effects of the nozzle pressure ratio and
freestream Reynolds number on the thrust. The results for this
parameter variation are shown in Table 3, where the total thrust, the
forces in the x and z directions, the total thrust efficiency coefficient,
the thrust efficiency coefficient in the x direction, and the thrust
vector angle are listed as a function of the nozzle total pressure p0;N

and nozzle pressure ratio�. The table shows that the thrust increases
with both the nozzle total pressure and the nozzle pressure ratio.

3. Thrust Losses

To estimate the thrust losses, the calculated (from pressure
measurements) 3-D thrust without side walls and the possible 2-D
thrust with sidewalls are compared. These losses are mainly due to
the flush-mounted side walls, which lead to an expansion of flow in
the y direction and thus to pressure and hence thrust losses. The 2-D
thrust is calculated by taking the thrust along the centerline into
account andmultiplying it by thewidth of the single expansion ramp,
applying the assumption that the force is constant over the width (in
the y direction). The results in Table 4 show the differences between
the two thrusts F2-D and F3-D for different nozzle total pressures and

Fig. 24 Zones of influence of PSI pressure transducers for calculating

the thrust of the nozzle.

Fig. 25 Integration boundaries for thrust calculation with positions of

PSI pressure transducer taps.

Table 3 Derivation of thrust calculated from PSI (along the center,

right, and left lines) and PSP pressure measurements

p0;N � Fx;tot Fz;tot Ftot cfg;tot cfg;x �f

0.51 214 84.9 6.6 85.1 0.961 0.958 4.44
1.38 291 199.9 14.7 200.4 0.945 0.942 4.20
2.03 435 295.4 23.9 296.3 0.937 0.934 4.63
1.26 512 183.7 15.1 184.3 0.934 0.931 4.71
1.34 531 195.6 16.4 196.3 0.933 0.930 4.79
2.62 568 382.5 31.7 383.8 0.932 0.928 4.73
2.53 981 369.4 32.2 370.8 0.921 0.918 4.98
2.57 1038 375.4 32.5 376.8 0.920 0.916 4.95

Table 4 Differences in the forces calculated for the 2-D and 3-D cases

for different nozzle total pressures and nozzle pressure ratios

p0;D, bar � F2D, N F3-D, N �F, %

0.47 180 67.78 66.96 1.22
0.95 202 139.51 137.60 1.39
0.51 214 86.17 85.14 1.21
0.42 257 61.57 60.90 1.10
1.38 291 202.53 200.42 1.05
0.98 384 145.13 143.77 0.95
2.03 435 298.81 296.34 0.83
0.82 505 121.2 120.15 0.87
1.26 512 185.95 184.30 0.90
1.34 531 198.09 196.33 0.90
2.62 568 386.89 383.84 0.79
1.64 654 242.56 240.80 0.73
2.53 981 373.47 370.81 0.72
2.57 1038 379.35 376.78 0.68
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nozzle pressure ratios. It can be seen that these differences lie
between 0.68 and 1.38%, which is quite low, but nevertheless still
significant. The reason for these differences is again that some
components of the 3-D thrust must be calculated using the PSI
pressure data, because the PSP pressure data were not available on
the entire nozzle surface. Another reason for the fairly small
differences is that the momentum component at the entrance of the
nozzle [see Eq. (25)] supplies themajor contribution to the thrust, and
this is of course the same for the 2-D and the 3-D cases.

The flush-mounted side walls do not only cause thrust losses, but
also lead to a reduction of the structural weight and a lessening of the
drag forces due to friction. It is therefore necessary to evaluate which
one of the two effects is stronger, the thrust losses or the drag losses.
The structural weight can be easily calculated and dependsmainly on
the material used. To estimate the drag due to friction, further
experiments and/or numerical calculations are required. If both
weight and drag are known, the influence of the side walls on the net
thrust can be estimated. This estimation is an important contribution
to the design process of the nozzle, providing an answer to the
question of whether the side walls are beneficial or deleterious.

In Fig. 26 the thrust efficiency coefficient and the thrust vector
angle [35] are plotted as a function of the nozzle pressure ratio�. The
results show that the higher the nozzle pressure ratio, the lower the
thrust efficiency, the thrust efficiency coefficient having a maximum
value of 95.8% at�� 214, and falling to only 91.6% at�� 1038.
For a constant freestreamReynolds number, a higher nozzle pressure
ratio implies a higher nozzle total pressure and hence a higher thrust.
A glance at Table 4 shows that the highest thrust F� 383:8 N is
obtained for the highest nozzle total pressure p0;N � 2:62 bar with a
corresponding nozzle pressure ratio of �� 568 (this is, however,
not the maximum value of �), and the lowest thrust F� 85:1 N is
obtained for the lowest nozzle total pressure p0;N � 0:51 bar with a
corresponding nozzle pressure ratio �� 214.

Higher nozzle total pressures produce higher thrusts, but at the
same time the exhaust plume enlarges with higher nozzle pressure
ratios, which also leads to higher base drags. The shocks which are
generated from the displacement of the outerflow aremore oblique at
higher nozzle pressure ratios due to the stronger displacement of the
outer flow. This therefore places a limit on how much the nozzle
pressure ratio can be increased. An iterative approach is needed to
find an optimal compromise between maximizing the generated
thrust while minimizing the ensuing drag caused by the exhaust
plume. The thrust vector angle�f , however,must also be considered;
because the vehicle has to be trimmed to maintain the flight path,
larger values of � lead to more required effort to control the vehicle.
In Fig. 26 �f is shown to be strongly dependent on the nozzle
pressure ratio, its value increasing for higher �. This exemplifies
another disadvantage of using higher nozzle pressure ratios; theflight
vehicle has to be trimmed more excessively for higher thrust vector
angles than for lower angles. The thrust vector angle varies between
4.2 and 5.0 deg, a change of about 16%, which is certainly not
negligible. It is therefore important to not only focus on the gross

thrust, but also on the thrust efficiency, the drag that is caused by the
exhaust plume, and the thrust vector angle in order to be able to find
the optimal conditions for the scramjet nozzle. This leads to the
conclusion that high nozzle total pressures with low nozzle pressure
ratios have to be obtained to generate high thrust, whereas the thrust
vector angle should be close to zero to avoid the need of excessive
trimming.

Another interesting observation for this nozzle type within the
investigated region of nozzle pressure ratio and freestream Reynolds
number is revealed in Fig. 27. Here the thrust F normalized to the
nozzle pressure ratio p0;N is plotted against the nozzle total pressure
p0;N . As can be seen, the plot is nearly constant over the investigated
region of p0;N , its highest and lowest values lying at 147.5 and
145 N=bar, respectively, which corresponds to amaximumvariation
of only 1.6%. This result, the constancy of this normalized value
versus p0;N , enables one to estimate the thrust for this particular
nozzle type very accurately for all values of p0;N between 0.51 and
2.62 bar. The nozzle total pressure has just to be multiplied by the
constant value obtained from the graph to yield the thrust of the
nozzle. To generalize this statement for other nozzles a broader
experimental study with different nozzle contours would of course
have to be performed. For the present nozzle, however, the approach
applies and provides a quick aid in computing the thrust for any
condition without having to carry out the experiment.

Based on these observations, a new coefficient F=p0;N could be
introduced as an aid in judging the performance of single expansion
ramp nozzles. If the above assumption can be generalized for
asymmetric nozzles, this coefficient can be easily calculated and used
for any nozzle. Therefore, the goal should be to design a nozzlewith a
very high value of this coefficient: the higher this coefficient is, the
more thrust is generated.

IV. Conclusions

An experimental study has been conducted with a nozzle/
afterbody model to characterize the flowfield created by the
interaction of a single expansion ramp nozzle flow with an external
hypersonic flow. For a better understanding of the physical
phenomena involved, of the influence of different parameters on the
nozzle flow properties and nozzle performance, as well as of the
complex interactions between the internal nozzle and the external
flows, the pitot pressure measurement and the PSP methods have
been applied. Both methods were also used to calculate the nozzle
thrust, with different assumptions being made on how to process and
combine the PSI and PSP pressure data.

The PSP results showed the normalized pressure distribution on
the expansion ramp to be independent of the nozzle pressure ratio and
the freestream Reynolds number in the investigated region. The
pressure distribution on the surface of the expansion ramp was
obtained and compared for different nozzle pressure ratios and

Fig. 26 Thrust efficient coefficient and thrust vector angle for different

nozzle pressure ratios. Fig. 27 Thrust of the nozzle divided by the nozzle total pressure for
different nozzle total pressures.
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freestream Reynolds number. The main influence on the gross thrust
was seen to be the nozzle pressure ratio and the nozzle total pressure.

The pitot pressure measurements, however, revealed a strong
influence of the nozzle pressure ratio on the flowfield in the wake of
the nozzle, due to the different size of the exhaust plume for different
nozzle pressure ratios. The size of the exhaust plume affects the
interactions between the internal nozzle flow and the external flow,
leading to differentflowpatterns in themeasured plane in thewake of
the nozzle. Themain supersonic core nozzleflow is not influenced by
the external flow conditions (i.e., neither by� nor byReU), whereas
the behavior of the shear layer has been shown to be influenced by
these two flow condition parameters.

The gross thrust, thrust efficiency coefficient, and thrust vector
angle were calculated from the PSI and PSP pressure results and
compared for different nozzle pressure ratios. The results show that
the gross thrust increases with growing nozzle pressure ratio for a
constant freestream Reynolds number, while the thrust efficiency
coefficient decreases with growing nozzle pressure ratio and the
thrust vector angle increases. Because the goal of the nozzle design
process is high thrust and low thrust vector angles, a compromise in
the value of the nozzle pressure ratio has to be made. Higher nozzle
pressure ratios also cause a stronger displacement of the external
flow, enlarging the drag due to pressure losses over the oblique
shocks. It can also be said that the gross thrust depends mainly on�,
but does not depend strongly on ReU, at least not within the
investigated Reynolds number range here. The total net thrust of the
scramjet engine, however, obviously depends on the freestream
Reynolds number.

The forces calculated from pressure measurements from the PSI
transducers and from the PSP technique were compared in the region
where the PSP paint was applied. It was found that the differences in
calculated thrust from these two methods can be as high as 30% if
only the PSI pressure values along the centerline are used to calculate
the forces. If the other lines of PSI sensors (left and right) are also
included in the calculation, then the differences decrease to about
7%, which, however, still represents a marked difference. Therefore,
the PSP technique allows a more accurate calculation of the pressure
forces on the expansion ramp, because it provides a detailed,
spatially resolved pressure distribution over the entire ramp surface.
Because the thrust of a scramjet nozzle is very sensitive to parameter
changes in the intake and combustion chamber and must be known
very precisely for the design of the vehicle, an accurate knowledge of
the thrust becomes mandatory.
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