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Abstract—In the present work cold (without high temperature
effects) flow test experiments on a linear aerospike nozzle
are carried out using the test rig available at Politecnico di
Torino. Mean pressure distributions are measured in order to
characterize the flow evolution along the nozzle plug. First results
show a good agreement between the measurements in the present
experiment and those reported in literature.

Index Terms—aerospike, pressure transducers

I. INTRODUCTION

Key requirements of future space transportation systems
are a drastic reduction of Earth-to-Orbit launch costs and
the increase in launcher reliability. Interest in reusable space
launchers has dramatically increased in recent years thanks
to their intrinsic capability of driving down manufacturing
and operation costs, compared to traditional launcher vehi-
cles. Moreover, reusable propulsion systems may allow the
designers to adopt more complex and advanced design so-
lutions, further reducing costs and increasing reliability. In
this perspective, Single-Stage-to-Orbit (SSTO) and Two-Stage-
to-Orbit (TSTO) configurations are currently being studied
as possible architectures of future launchers. However, the
possibility of realization of these vehicles heavily depends on
the performance of the employed engines.

Performance data of existing rocket engines are always
lower than the theoretical values because of the presence of
several loss mechanisms. Some examples of these well known
phenomena are: the imperfect mixing of oxidizer and fuel in
the combustion chamber, losses due to the irreversible process
of combustion, losses for divergence and non-uniformity of
the exiting flow and a non-ideal expansion of the propellants
[1]. The latter source of losses is the most important by a
large margin. In fact, as is the case with the Space Shuttle
Main Engine (SSME), the non-adaptation of the exhaust
gases causes up to a 15% decrease in performance during
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certain phases of the mission [2]. The SSME is equipped
with traditional bell nozzles that are designed to operate from
sea-level conditions at lift-off, to nearly vacuum conditions,
and therefore the Nozzle Pressure Ratio (NPR) for the design
conditions had to be chosen as a compromise between the
performances at high altitudes and the necessity to avoid
uncontrolled separation and side loads at lift-off. In fact, under
these conditions, shock waves form inside the divergent, and
the walls of the nozzle would be subjected to huge pressure
gradients and vibrational loads, with the risk of destruction
of the whole launcher [3]. This compromise in the choice
of the design NPR becomes even more limiting when SSTO
vehicles are concerned, so that advanced nozzle concepts as an
alternative to bell nozzles have been eagerly and intensively
investigated up to the present day.

A possible solution for the design of the engine of SSTO
vehicles may be found in plug nozzles or aerospikes, which
represent a valid alternative to conventional bell nozzles.
In contrast to the classical nozzle concepts, plug nozzles
provide, at least theoretically, a continuous altitude adaptation
up to their geometrical area ratio. For high area ratio nozzles
with relatively short length, plug nozzles perform better than
conventional bell nozzles [2]. While in a conventional nozzle
the expansion of the propulsive fluid is constrained by the
geometry of the nozzle, for the aerospike nozzle the expansion
takes place around a plug (truncated or not) without a flow
confinement. The resulting expansion jet has the capability to
adjust itself to the external pressure changes, i.e. it has self
altitude compensation capabilities [4].

Performance behaviors and flowfield development of linear
plug nozzles as function of ambient pressure are in principle
similar to circular plug nozzle. However, special attention
must be addressed to the influence of both end sides from
where the ambient disturbs the expanding flowfield, resulting
in an expansion of the flow normal to the main flow direction



and therefore in an effective performance loss. Especially for
truncated plug nozzles, the change of wake flow behavior
may be strongly influenced by the penetration of ambient
pressure through both end sides. In fact, this phenomenon
has already been observed in a comparative study, where the
differences in flowfield between a 2D and a 3D linear plug
nozzle configuration have been assessed. For instance, the
variation of the pressure value at the base of the plug, within
the recirculation zone, can be related to the variation of some
parameters of the aerospike, such as the truncation length, and
the NPR. For the 2D nozzle, it is possible to have a range of
working conditions in which the value of plug base pressure is
constant, and does not change in response to a variation in the
ambient pressure. This regime is defined as “closed wake”. On
the contrary, another range of NPR values can be identified, for
which the acoustic disturbances from the external pressure can
propagate towards the base of the plug and induce a change
in pressure value. This regime is defined as “open wake”. For
the 3D linear plug configuration it was found that the flow
is always in “open wake” regime, with a stronger or weaker
influence of the external conditions, depending on the value
of the nozzle NPR. Additionally, 3D effects directly influence
the formation of flow structures, also depending on truncation
length, leading to different vortical patterns [5].

For these reasons, experimental, analytical and numerical
research on plug nozzle have been performed since the 50s
worldwide. Some examples of recent and historical aerospike
engine projects and prototypes are, for instance, the linear
aerospike engine XRS-2200, which was selected as a candidate
propulsion system for the Venture Star/X33 SSTO spaceplane
in the 1990s. After these pioneering contributions, the research
effort on aerospikes was reduced because of the cancellation of
several research programs. More recently, research in the field
has been taken on by universities and private companies. An
example is the project CALVEIN (California Launch Vehicle
Education Initiative). Within this project, a truncated plug
nozzle was analyzed during a thorough test campaign [6].
Other private companies have proposed designs of aerospike
engines for the propulsion of both SSTO and TSTO configu-
rations. For example, Firefly Aerospace and RocketStar Space
proposed a TSTO vehicle, while ARCA Space Corporation
proposed a SSTO design [7]. Additionally, the use of linear
aerospike nozzles has also started to spark interest regarding
the propulsion of high-speed aircraft. [8]-[11]

In the recent years, the aerospike has received renewed
attention due to the advantageous performance compared to
classical bell nozzles, and the capability of generating thrust
vectoring with different approaches [12]-[14]. The use of
an aerospike nozzle limits the possibility to perform thrust
vectoring by means of a gimballed joint, as it is done
conventionally with bell nozzles. This is due to the large
diameter/extension of the aerospike nozzle which prevents
the possibility of moving the entire nozzle. However, thrust
vectoring has become a key requirement for space launchers,
allowing for increased safety and maneuverability of the
aircraft during all phases of the mission. For these reasons,

several alternative thrust vectoring strategies have been inves-
tigated since the conception of aerospike nozzles [7]. Among
them, some possible strategies are represented by movable
plugs, flaps on the plug, differential throttling and fluidic thrust
vectoring. Differential throttling and fluidic thrust vectoring
are promising approaches, since their advantage compared to
more traditional methods is the absence of movable parts,
which results in simpler and more reliable systems. Differ-
ential throttling is a simple control strategy which can be
applied in the presence of clustered aerospike engines with
multiple independent combustion chambers. Since the mass
flow rate and the pressure can be controlled independently
in each chamber, it is possible to generate a lateral thrust
component which can be used for maneuvering. This solution
is suitable for large engines, whereas for small-scale engines
the use of multiple combustion chambers would not be con-
venient. Another possible solution could be the adoption of
Fluidic Thrust Vectoring techniques, one of which consists
in injecting a secondary flow from the plug wall. This cre-
ates an obstacle for the primary flow during its expansion
along the wall, generating a shock followed by a zone of
separation downstream to the injection point. As a result, the
pressure distribution on the nozzle walls becomes asymmetric,
generating a lateral thrust component. Moreover, with the
introduction of suitable thrust vectoring methods, the size of
the aerodynamic control surfaces needed for flight within the
atmosphere can be reduced. For all these reasons, given the
general and renewed interest in academia and industry for
the aerospike nozzle technology, the present work aims to
lay the foundations for future studies on advanced propulsion
systems through the construction of a test rig for cold flow
experiments. This experimental system will be able to be
fitted with different types of nozzle geometries. The first
type of nozzle chosen for our analyses is a linear aerospike
scale model, for which an experimental characterization of
the evolution of the flow is carried out in this work. The
mean pressure is measured along the nozzle walls on the
symmetry plane, and is compared with experimental results
from the literature. The experimental test rig is located at
the Politecnico di Torino and its design process has been
described in a previous work [15]. The aim of the research
group in the future is to further explore the characteristics
and capabilities of advanced aerospace propulsion systems and
control strategies, for which experimental testing is always a
necessary step.

II. TEST RIG SET-UP AND PRELIMINARY RESULTS

The test-rig is composed of two subsystems: the air-supply
control system and the nozzle model. The first subsystem
must provide the prescribed inlet flow conditions and is able
to manage interchangeable nozzle models that may be either
axisymmetric, e.g., bell/dualbell nozzle, or two-dimensional,
e.g., converging-diverging nozzles and aerospikes. An inter-
facing duct may be required to generate the correct inlet flow
conditions and stream redistribution in the axisymmetric or
2D/3D case. The test rig is positioned on a frame, as shown



Fig. 1. Test rig.

in figure 1. A corrugated metal hose with an inner diameter
of 25mm provides the feeding gas (air) and is connected to a
diffuser, followed by a flow straightener.

A linear plug nozzle with a width to height throat ratio
(b/hy) equal to 30.41 (see figure 2) is connected to the flange
at the exit of the downstream conduct. The exit Mach number,
M., is equal to 1 and the design nozzle pressure ratio NPRy is
equal to 200. The main characteristic dimensions of the nozzle
are reported in table L.

The splines describing the plug surfaces of the nozzle have
been designed using the method proposed by Angelino [16]
and a tilt angle ¢ equal to 68.1° has been evaluated at the
throat. The aerospike plug geometry is truncated at 40% of
the ideal length.

Mean pressure distributions are measured in order to char-
acterize the flow evolution along the nozzle plug. For this
purpose a Scanivalve® DSAS5000 pressure scanner (see figure
3) is used. This unit is capable of obtaining up to 16 individual

Fig. 2. Linear plug nozzle with b/h; = 30.41 and 40% plug truncation.

TABLE I
CHARACTERISTIC DIMENSIONS OF THE NOZZLE

Quantity Value

Throat height ht 2.55 mm
Throat width b 77.55 mm
Width/height throat ratio  b/hy 30.41

Throat area Ay 395.51 mm?
Exit area Ag 5003.21 mm?
Area ratio Ag/A:s 12,65

pressure measurements at different locations along the plug,
and incorporates 16 temperature compensated piezo-resistive
pressure transducers. Also, 24-bit A/D converters and micro-
processors are included in the unit. The DSA5000 pressure
scanner utilizes an individual A/D converter for each pressure
sensor. This feature allows fully synchronous data collection
and data stream up to 5S000Hz (samples/channel/second). One
resistance temperature detector (RTD) per pressure sensor is
integrated in the unit and each RTD utilizes its own 24-bit A/D
converter. The system accuracy is +0.04% FS for a pressure
range from O up to 250 psi (from O up to 17.2 bar).

The static wall pressures are measured via orifices (with a
diameter is equal to 0.6 mm) drilled perpendicularly to the
nozzle plug wall (see figure 4). The distance between two
adjacent pressure ports is equal to 7 mm. These ports are
connected through small steel tubes and Teflon tubes to the
Scanivalve® pressure scanner.

Figure 5 shows preliminary results with a comparison in



Fig. 3. Scanivalve® DSA5000 pressure scanner [17].

Fig. 4. Pressure ports on the nozzle plug wall.

terms of wall static pressure between the measurements in
the present experiment and those reported in [2] (Festip in
the figure). The measurements were performed for different
ratios between the static pressure in the nozzle chamber p,
and the ambient pressure p,mp, with the nozzle working in
over-expanded conditions. The waviness of the pressure distri-
butions highlights the presence of compression and expansion
waves in the region close to the plug surface.

III. CONCLUSIONS

An aerospike nozzle flow has been experimentally charac-
terised in the present work. The experiments have been carried
out in cold flow conditions using pressurised air at different
values of NPR. The results are presented in terms of wall
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Fig. 5. Aerospike wall pressure distributions.

pressure distributions, and good agreement with experimental
results available in the literature has been observed.

REFERENCES

[1] D. Manski, G. Hagemann, “Influence of rocket design parameters on
engine nozzle efficiencies”, 30th Joint Propulsion Conference and Exhibit,
1994. https://doi.org/10.2514/6.1994-2756

[2] G. Hagemann, H. Immich, T. V. Nguyen, and G. E. Dumnov, “Advanced
rocket nozzles,” Journal of Propulsion and Power, vol. 14, no. 5, pp.
620-634, 1998.

[3] L.H. Nave, G.A. Coffey, “Sea-Level Side-Loads in High AreaRatio
Rocket Engines”, AIAA Paper 73-1284, Jul. 1973. https://arc.aiaa.org/doi/
10.2514/6.1973-1284

[4] R. C. Parsley, K. J. van Stelle, “Altitude Compensating Nozzle Evalua-
tion”, AIAA Paper 92-3456, Jul. 1992. https://ui.adsabs.harvard.edu/abs/
1992jann.conf..599P/abstract

[5] M. Geron, R. Paciorri, F. Nasuti, F. Sabetta, E. Martelli, “Transition
Between Open and Closed Wake in 3D Linear Aerospike Nozzles”, 41st
Joint Propulsion Conference and Exhibit, 2005. https://arc.aiaa.org/doi/
abs/10.2514/6.2005-4308

[6] E. Besnard, H. H. Chen, T. Mueller, J. Garvey. "Design, manufacturing
and test of a plug nozzle rocket engine”. 38th AIAA Joint Propulsion
Conference and Exhibit Jul 2002. https://arc.aiaa.org/doi/abs/10.2514/6.
2002-4038

[7]1 C. Bach, S. Schongarth, B. Bust, M. Propst, J. Sieder-Katzmann, M.
Tajmar. "How to steer an aerospike”. 69th International Astronautical
Congress Oct 2018. https://arc.aiaa.org/doi/abs/10.2514/6.2002-4038

[8] T. Tomita, H. Tamura, and M. Takahashi, “An experimental evaluation of
plug nozzle flow field,” in 32nd Joint Propulsion Conference and Exhibit,
1996, p. 2632.

[9] G. Hagemann, C.-A. Schley, E. Odintsov, and A. Sobatchkine, “Nozzle
flowfield analysis with particular regard to 3d-plug cluster configurations,”
in 32nd Joint Propulsion Conference and Exhibit, 1996, p. 2954.

[10] H. Immich and M. Caporicci, “Festip technology developments in liquid
rocket propulsion for reusable launch vehicles,” in 32nd Joint Propulsion
Conference and Exhibit, 1997, p. 3113.

[11] M. Ferlauto and R. Marsilio, “Computation of plug nozzle turbulent
flowfields,” Isabe Paper-1185, 15th ISOABE Conference, Bangalore,
India, 2001.

[12] S. Eilers, M. Wilson, S. Whitmore, and Z. Peterson, “Side-force ampli-
fication on aerodynamically thrust-vectored aerospike nozzle,” Journal of
Propulsion and Power, vol. 28, pp. 811-819, 2012.

[13] M. Ferlauto, A. Ferrero, M. Marsicovetere, and R. Marsilio, “Differential
throttling and fluidic thrust vectoring in a linear aerospike,” International
Journal of Turbomachinery, Propulsion and Power, vol. 6, no. 2, 2021.



[14] M. Ferlauto, A. Ferrero, M. Marsicovetere, and R. Marsilio, “A compar-
ison of different technologies for thrust vectoring in a linear aerospike,”
14th World Congress in Computational Mechanics (WCCM), ECCOMAS
Congress 2020, Paris, France, 2021.

[15] V. Bonnet, F. Ortone, G. M. D. Cicca, R. Marsilio, and M. Ferlauto,
“Cold gas measurement system for linear aerospike nozzles,” in
2022 IEEE 9th International Workshop on Metrology for AeroSpace
(MetroAeroSpace).  1IEEE, Jun. 2022. [Online]. Available: https:
//doi.org/10.1109/metroaerospace54187.2022.9855979

[16] G. Angelino, “Approximate method for plug nozzle design”, AIAA
Journal, vol. 2, no. 10, pp. 1834-1835, 1964.

[17] https://scanivalve.com/products/pressure-measurement/
ethernet-intelligent- pressure- scanners/dsa5000/



