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Abstract: The work focuses on the characterization of the flowfield over a truncated linear aerospike
by combining theoretical grounds, numerical simulations and experimental tests. The experimental
investigations are carried out on a test rig designed at Politecnico di Torino for advanced nozzle testing.
Fully three-dimensional CFD analyses are performed on the actual geometry of the experimental
nozzle model. At low nozzle pressure ratios (NPRs) the analysis combines numerical simulations
and experimental testing, which are also used for validating the CFD results. At higher NPRs, the
flowfield characterization is performed only by three-dimensional CFD analyses. In addition to the
validation of the numerical method, the edge effects at different NPRs have been observed.

Keywords: aerospike; supersonic nozzles; experimental testing; rocket nozzles

1. Introduction

The renewed commercial and strategic interest in space has led several nations to
consider the development of Reusable Propulsion Systems (RPSs) to reduce launch and
production costs. In recent years, reducing the cost per kilogram of payload put into
orbit has become increasingly important. Naturally, cost reduction requires the design of
more sophisticated and complex launch systems compared to traditional ones. Reusable
propulsion systems drive designers toward more advanced and complex design solutions,
which can enhance engine performance and durability. Additionally, modern launch vehicle
engines must meet the requirements for advanced control systems. These systems are
essential for improving the vehicle’s maneuverability, especially at low speeds, thereby
enabling soft landings and the recovery of launchers [1].

In this scenario, Single-Stage-to-Orbit (SSTO) and Two-Stage-to-Orbit (TSTO) con-
figurations are being explored as potential architectures for future launch vehicles. The
feasibility of these vehicles heavily depends on the performance of their engines. Existing
rocket engines frequently fail to meet theoretical performance expectations due to multiple
loss mechanisms within the combustion chamber and nozzle. These include imperfect
oxidizer and fuel mixing, irreversible processes within the combustion chamber, flow di-
vergence, non-uniformity at the nozzle exit, and suboptimal propellant expansion within
the nozzle. Among these factors, non-ideal expansion emerges as the most prominent
contributor to performance discrepancies. For example, the Space Shuttle Main Engine
(SSME) may experience a performance decrease up to 15% during critical mission phases
due to the non-adaptation of exhaust gases [2].

The SSME utilizes conventional bell nozzles engineered to function seamlessly from
sea-level conditions during liftoff to near-vacuum conditions in space. The Nozzle Pressure
Ratio at design conditions (NPRd = (p◦c /pa)d) represents a delicate balance, aiming to
enhance performance at high altitudes while mitigating risks associated with uncontrolled
separations and side loads during liftoff. In such scenarios, shock waves may develop
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within the nozzle’s divergent section, exposing the walls to substantial pressure gradients
and vibrational loads, thereby posing a potential threat of launcher destruction.

The compromise in the NPRd becomes even more restrictive for SSTO vehicles, prompt-
ing the investigation of advanced nozzle concepts as alternatives to bell nozzles. Among
these alternatives, plug and aerospike nozzles stand out, offering continuous altitude adap-
tation up to their geometrical area ratio. For high-area ratio nozzles with relatively short
lengths, plug nozzles outperform conventional bell nozzles.

Since the 1950s, extensive experimental, analytical, and numerical research has been
conducted on plug nozzles worldwide [3–8].

A notable historical example is the linear aerospike engine XRS-2200, which was
considered for the Venture Star/X-33 SSTO spaceplane in the 1990s. However, research
on aerospike engines dwindled following the cancellation of several programs. Recently,
the CALVEIN (California Launch Vehicle Education Initiative) project analyzed a trun-
cated plug nozzle in a comprehensive test campaign [9]. Additionally, various designs for
aerospike engines have been proposed for SSTO and TSTO vehicles, including those from
Firefly Aerospace, RocketStar Space, and ARCA Space Corporation. Aerospike nozzles are
particularly associated with propulsion for high-speed aircraft and trans-atmospheric flight
due to their vectored thrust capabilities [10]. An aerospike nozzle can feature a toroidal
chamber and throat, with or without truncation, and it may be equipped with a cluster
of circular bell nozzle modules or clustered quasi-rectangular nozzle modules. Another
variant of the aerospike nozzle is the linear aerospike nozzle, which was envisioned for the
propulsion system of the reusable launch vehicle (RLV) X-33 concept [10].

The performance characteristics and flowfield evolution of linear aerospike nozzles
exhibit similarities to those of circular aerospike nozzles, with the exception of the end sides
of the linear aerospike nozzle. In these regions, the surrounding flow disrupts the expanding
flowfield, leading to a normal expansion of the flow relative to the main flow direction,
resulting in an effective loss of performance. Additionally, the performance of plug nozzles
remains relatively unchanged even when the plug is truncated at a small fraction of its
length [10].

Research into aerospike thrust vectoring has explored various strategies [11–13], in-
cluding movable plugs, plug-mounted flaps, and fluidic methods like differential throttling.
Fluidic thrust vectoring techniques such as shock vector control [14–16], bypass shock
vectoring [17], counterflow [18], co-flow [19], throat skewing, dual throat [20,21], and by-
pass dual throat nozzle control [22–24] demonstrate potential due to their simplicity and
reliability without movable parts [12,25,26].

Differential throttling [22,27], suitable for large engines with clustered aerospike
engines and multiple independent combustion chambers, allows for independent control
of mass flow rate and pressure in each chamber, generating lateral thrust for maneuvering.
For smaller engines where multiple combustion chambers are less practical, other fluidic
thrust vectoring methods like Shock Vector Control (SVC) become viable. SVC involves
injecting a secondary flow from the plug wall, creating an obstacle for the primary flow
and generating lateral thrust through asymmetric pressure distribution on the nozzle walls.
Effective thrust vectoring methods also minimize the reliance on large aerodynamic control
surfaces during atmospheric flight.

The ongoing interest of the space community in advanced nozzles has prompted
research efforts to characterize the static and dynamic behavior of these nozzles, along
with innovative thrust vector control strategies. As part of this endeavor, a nozzle test rig
was designed and manufactured at Politecnico di Torino (PoliTo) with the aim of laying
the groundwork for future studies on advanced nozzles and their control strategies [28].
To date, numerous experiments have been conducted on linear aerospike nozzles in a
Non-Differential Throttling Configuration (NDTC) at various NPRs, as detailed in [28].

In this paper, the characterization of the nozzle flow over a linear aerospike is per-
formed by means of numerical simulations and experimental testing. The nozzle geometry
used in the numerical simulation was extracted from the CAD model utilized to construct
the nozzle for the experiments. The CFD analysis covers the whole operative range of the
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nozzle, investigating the flowfield structure at the different NPRs. Moreover, the flow is
investigated experimentally by testing the nozzle system for several NPRs in the test rig
designed at PoliTo. The experimental data are used also for validating the numerical results.

The outlines of the paper are as follows: the nozzle model and the test rig setup are
described in the next section; then, the mathematical model and the numerical method
adopted in the CFD simulations are illustrated. The CFD and experimental data at different
NPRs are collected and compared for validation. Finally, the edge effects at different NPRs
have been analyzed through CFD simulations.

2. Nozzle Geometry and Experimental Setup

As a part of the JLab facility, the test-rig SPK1 was designed at PoliTo with the aim of
developing a general platform for testing advanced nozzles in cold flow conditions [27,28].
The test rig provides the prescribed inlet flow conditions for the nozzle model. The system
can manage interchangeable nozzle models that may be either axisymmetric (e.g., bell/dual-
bell nozzle) or two-dimensional (e.g., linear aerospikes). In the latter case, an interfacing
duct may be required in order to generate the planar inlet flow conditions and stream
redistribution. The test rig and nozzle assembly are shown in Figure 1a.

(a)

Reservoir

Valve

Test Rig

Nozzle
Pneumatic Lines

Pressure RegulatorFeeding line

Router

Compressor

DSA
5000

M

(b)

Figure 1. The JLab-SPK1 experimental apparatus: (a) test rig and nozzle model; (b) sketch of the
experimental setup.

The pressure line that feeds the nozzle consists on a 25 mm pipe line at 10 bar with
a 5 m3 reservoir and a dedicated compressor. The test rig is positioned on a frame, as
shown in Figure 1a. A corrugated metal hose with an inner diameter of 25 mm provides
the feeding gas (air, with a regulated total pressure p◦ = 10 bar and a total temperature T◦

of about 288 K) and is connected to a diffuser, followed by a flow straightener. The system
allows for reasonable long tests with mass flow rates of the order of 1 kg/s. Further details
regarding the experimental test rig can be found in Ref. [28].

A sketch of the experimental setup is presented in Figure 1b. The Scanivalve®

DSA 5000 pressure scanner (Scanivalve, Liberty Lake, WA, USA) is used for measuring the
mean pressure distribution along the plug profile. This pressure scanner includes sixteen
temperature-compensated piezo-resistive pressure transducers allowing for fully syn-
chronous data collection and a data stream up to 5000 Hz (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 typical accuracy of the Scanivalve®

DSA 5000 pressure scanner is ±0.04% Full Scale. The particular Scanivalve® DSA 5000
pressure scanner used in the experiments is characterized by a pressure range up to 250 psi
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(1724 kPa) and a total thermal error (over 0–72 ◦C range) of less than ±0.001% full scale per
◦C. Consequently, the total uncertainty in measuring the mean pressure is evaluated to be
less than 1 kPa.

A sketch of the plug profile and a picture of the nozzle model are shown in Figure 2.
The nozzle profile has been designed by the classical approach, based on the method
of characteristics, proposed by Angelino [29], for NPRd = 200. The linear plug nozzle
has a width-to-height throat ratio (b/ht) equal to 30.41. The tilt angle ϑ at the throat is
equal to 68.1◦. The aerospike plug is truncated at 40% of its ideal length, Lmax. The main
design parameters of the nozzle are summarized in Table 1. The static wall pressures pw are
measured via pressure ports (with a diameter is equal to 0.6 mm) drilled perpendicularly
to the nozzle plug wall (see Figure 2). 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.

(a)

h

h

b

e

t

X

θ

h

Flow
Z

p3
p4

p7

p5
p6

p8 p9

p2

p1

(b)

Figure 2. (a) Aerospike nozzle model; (b) sketch of the plug with design parameters, and pressure
tap locations (p1 to p9).

Table 1. Characteristic dimensions of the nozzle.

Quantity Value

Throat height ht 2.55 mm
Throat width b 77.55 mm

Width/height throat ratio b/ht 30.41
Exit section height he 64.52 mm
Plug base height hb 12.22 mm

Throat section area At 395.51 mm2

Exit section area Ae 5003.21 mm2

Area ratio Ae/At 12.65
Ideal aerospike length Lmax 133.4 mm

3. Mathematical Model and Numerical Method

The numerical framework that was adopted in this study will be briefly illustrated
in this section. It is important that the numerical model and its mathematical basis are
appropriate to simulate and correctly reproduce all the relevant phenomena and flow
features of interest. For this work, the STAR-CCM+ software (version 18.04.009) suite was
chosen to carry out all of the simulations. The choice was motivated by the great flexibility
in the selection of physical and numerical models that offer a vast array of solutions to the
simulation problems relevant to this topic. Moreover, extensive testing and validation of
the STAR-CCM+ compressible solvers were conducted by our group, as well as by other
academic and industry users.
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A validation of the presented numerical framework has been performed in past
research for a linear Aerospike using experimental data from the FESTIP project, as can be
found in [30] .

For the solution of fluid dynamics problems, and especially for problems involving
compressible fluid flows, the chosen mathematical model is represented by the unsteady
Navier–Stokes equations. These equations are implemented in STAR-CCM+ using finite
volume solvers through Reynolds averaging, resulting in the well-known URANS equa-
tions, written in integral form. The perfect gas equation was chosen as the model for the
equation of state of the working fluid, which is dry air. Its thermophysical characteristics
are determined as a function of temperature by means of Sutherland’s Law for the dy-
namic viscosity µ and the thermal conductivity κ. The closure of the system of equations is
achieved with the Spalart–Allmaras (S-A) one-equation turbulence model [31]. The S-A
model is one of the four turbulence models recommended for nozzle flow simulations
in reference [32] among fourteen different models investigated. The computational grid
was refined near the wall to achieve a value of Y+ ≤ 1, and as a result, there was no
need for the use of wall functions to simulate the boundary layer. The solver’s numerical
scheme is based on the upwind differencing concept, which takes into account the local
flow characteristic to correctly propagate physical information within the domain. Inviscid
fluxes are evaluated according to the AUSM+ flux–vector splitting scheme by Liou [33].
Consequently, the numerical method is capable of accurately capturing all possible fluid dy-
namic discontinuities present in the flowfield (i.e., shocks and contact surfaces). The spatial
discretization of the numerical scheme is second-order accurate, while for the integration
in time, the adopted temporal scheme is the first-order accurate Euler implicit scheme.

The computational domain consists in a polyhedral mesh, counting about 2 M cells.
The conditions imposed at the boundaries of the computational domain follow the guide-
lines of Poinsot and Lele [34] for supersonic and subsonic mixed flows, and are presented
in Figure 3. On the walls of the nozzle model, a no-slip adiabatic wall condition was
imposed. The outflow boundary, on the right edge of the computational domain, features a
pressure outlet condition, where a value of static pressure is imposed only for cells in which
the flow is subsonic, whereas for a supersonic outflow, the pressure at the outlet is the
same as the cell. The inlet conditions are imposed as total pressure and total temperature
conditions, with values corresponding to the inside of the nozzle’s chamber. Lastly, the
other boundaries of the domain have been set to freestream conditions, where the value
of static pressure, static temperature and an inlet Mach number were imposed. The Mach
number was set to a very low value of 0.05 for the numerical stability of the boundaries.
All simulations were carried out with a inlet total temperature T0 = 300 K, an ambient
pressure pa = 105 Pa, and a turbulence viscosity ratio equal to 10, respectively.

Figure 3. The computational domain with the imposed boundary conditions. The grid shows a
reduced number of nodes for readability.
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A grid convergence study was performed in order to select a computational grid
whose size was adequate for capturing all relevant flowfield features, while at the same
time being as computationally efficient as possible. Three different levels of grid refinement
have been tested. These grids are characterized by 500 k, 2 M and 9 M cells, respectively.
The carried out results are shown in Figure 4. From the analysis of the results shown in
the figure, it can be deduced that even with the use of a medium-sized grid (2 M cells),
good accuracy is achieved. Therefore, the numerical analysis was carried out using this
intermediate grid.

Figure 4. Distribution of wall pressure over chamber pressure pw/pc along the nozzle wall for the
three grid levels.

4. Numerical and Experimental Results

Present investigations are based on a combination of numerical simulations and
experimental testings. The nozzle performances are studied from low NPRs up to the design
pressure ratio. The convergence study for determining the optimal three-dimensional grid
for the numerical analysis is presented first. Then, two sets of experimental data are used
for assessing and validating the accuracy of the numerical results. At higher NPR values, the
study was conducted solely numerically due to the limitations of the experimental setup.

4.1. CFD and Experimental Data Comparison

An experimental test campaign was conducted to validate the numerical data obtained
from the CFD calculations. Due to limitations in the experimental setup, this validation was
performed at relatively low NPR values equal to 2.8 and 3.7. The pressures are measured via
nine pressure taps with a diameter equal to 0.6 mm, positioned 7 mm apart, and distributed
on the symmetry plane (x, z) along the wall of the plug. For each pressure tap, 450 samples
are acquired with a sampling rate of 30Hz. The mean pressure distribution along the plug
is then computed.

In Figures 5a and 6a, the computed Mach number fields are shown for the aerospike
nozzle in working conditions at NPR = 2.8 and NPR = 3.7, respectively. Figures 5b and 6b
show the numerical and experimental pressure distributions on the plug wall, normalized
with chamber pressure pw/pc, for the same NPRs. For the nozzle in these severely over-
expanded conditions, the presence of expansion and compression waves is very clearly
recognizable from both the flowfield and the corresponding pressure distribution. The
figures clearly demonstrate that an increase in NPR results in a natural increase in the
maximum Mach number from 1.3 to 1.6. Furthermore, the wavelength of the expansion and
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compression waves tends to increase as the shear layer surface moves farther apart. The
maxima and minima visible in the pressure distributions of pw/pc gradually reduce their
amplitude, with the overall expansion of the flow converging towards a value of about
pw/pc = 0.4 and pw/pc = 0.3 for NPRs equal to 2.8 and 3.7, respectively. A good agreement
between the numerical and experimental data in terms of pressure distribution was found.
In both figures, the recirculating regions at the base of the plug are clearly visible.

(a) (b)

Figure 5. Nozzle flowfield at NPR = 2.8. (a) Mach number contour map on the symmetry plane;
(b) plot of the corresponding normalized wall pressure distribution pw/pc on the plug.

(a) (b)

Figure 6. Nozzle flowfield at NPR = 3.7. (a) Mach number contour map on the symmetry plane;
(b) plot of the corresponding normalized wall pressure distribution pw/pc on the plug.

In Figure 7, the results for a value of NPR = 10 are shown. The expansion and
compression waves are still reflected on the aerospike walls and interact with the shear
layer, forming the already mentioned jet structure. The thickness of the jet region near the
wall and the wavelength of the pressure distribution have both increased. As a result, the
pressure peaks are now fewer and farther apart. The average expansion primarily occurs
within the first 5% of the ideal plug’s length, as shown in Figure 7b. Additionally, it can be
seen that a recirculation zone is also present and well formed in these conditions.
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(a) (b)

Figure 7. Nozzle flowfield at NPR = 10. (a) Mach number contour map on the symmetry plane;
(b) plot of the corresponding normalized wall pressure distribution pw/pc on the plug.

In Figure 8, the results for the case of NPR = 50 are presented. The main difference in
the flowfield (Figure 8a) compared to previously observed cases is that no re-compression
zones are present on the wall. Instead, there is a continuous expansion of the fluid starting
from the throat and extending all the way to the end of the aerospike’s wall. The wall
pressure distribution shown in Figure 8b features a very steep decrease in pressure that
reaches a stable value between 10 and 20% of the nozzle’s ideal length Lmax. The thickness
of the jet has further increased, as well as the maximum exit Mach number realized by the
nozzle. In these working conditions, the nozzle is still working in overexpanded conditions,
being that it was designed for a nozzle pressure ratio of NPRd = 200. However, the flowfield
configuration has lost the characteristic structure of severely overexpanded conditions. The
flow topology suggests that the overexpanded flow undergoes re-compression downstream
of the base of the plug. Close to the recirculation zone, at the base plug, it is possible to
observe the lip shocks generated in correspondence of the plug edges. Moving downstream,
additional expansion occurs in the flow to recover ambient conditions, with a further
increase in the Mach number up to approximately 3.6.

(a) (b)

Figure 8. Nozzle flowfield at NPR = 50. (a) Mach number contour map on the symmetry plane;
(b) plot of the corresponding normalized wall pressure distribution pw/pc on the plug.

The results for NPRd = 200 in terms of Mach iso-contours and wall pressure distribu-
tion are shown in Figure 9a and Figure 9b, respectively. From Figure 9a, it is observed that,
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in the case of the design NPRd, the shear layer no longer tends to move towards the center
line, and the expansion occurs monotonically until reaching ambient pressure conditions.
This design case demonstrates an almost one-dimensional exhaust flow (see e.g., [2]).

(a) (b)

Figure 9. Nozzle flowfield at NPR = 200. (a) Mach number contour map on the symmetry plane;
(b) plot of the corresponding normalized wall pressure distribution pw/pc on the plug.

All the previously presented pressure distributions along the plug wall are summarized
in Figure 10. The complex scenario obtained at low NPR, well captured by numerical and
experimental results, can be clearly seen. The number of expansion and re-compression
waves, generated by the interaction with the slip surface, tends then to decrease as the NPR

becomes higher and higher, until a monotonic expansion is reached for NPRd = 200.

Figure 10. Distribution of wall pressure over chamber pressure pw/pc along the nozzle wall for all
values of NPR considered.

4.2. Analysis of the Flowfield Side Effects

The aim of this section is to highlight the three-dimensional flowfield behaviour due
to the finite span of the plug. This is accomplished through the visualization of the flow
and the analysis of pressure distributions on the wall along the spanwise direction of the
plug for different NPR values. In Figure 11a, a three-dimensional view of the nozzle is
presented. The colormap of the absolute static pressure on the plug surface, along with
the Mach number flowfield on the (x, z) symmetry plane, are shown for NPR = 3.7. The
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three-dimensional nature of the pressure distribution on the wall surface of the plug is
observable; the band structure with compression zones (in red) and expansion zones (in
green) is clearly evident. This band structure is associated with variations in the Mach
number observable in the (x, z) symmetry plane.

(a)

(b)

(c)

Figure 11. Three-dimensional flowfield at NPR = 3.7. (a) Colormap of absolute static pressure
and Mach number flowfield in the (x, z) symmetry plane; (b) spanwise wall pressure distributions
pw/pc at different streamwise locations taken in correspondence of the pressure maxima shown in
Figure 6b; (c) spanwise wall pressure distributions pw/pc at different streamwise locations taken in
correspondence of the pressure minima shown in Figure 6b.
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In Figure 11b,c, the spanwise pressure distributions on the plug wall at different
streamwise locations are shown for the case at NPR = 3.7. The streamwise locations
have been chosen corresponding to the maximum and minimum values of the pressure
distribution along the x-axis direction observed in the symmetry plane (see Figure 6b),
respectively. It can be observed that at different streamwise positions, there is a sufficiently
wide region where the pressure remains almost constant. However, three-dimensional
effects are clearly visible going towards the sides of the plug, and become more relevant
at the end of the nozzle. In Figure 11b, the re-compression regions originated from the
nozzle throat evolving towards the center line of the linear plug are shown. In Figure 11c,
the presence of minima in the pressure distribution suggests the occurrence of expansion
waves on the sides of the previously described re-compression regions.

The side effects are more remarkable when evaluating configurations at low values of
NPR, that is when the nozzle is working in overexpanded conditions, and the system of
expansion and re-compression waves is generated to automatically adapt the nozzle to the
external ambient conditions. In Figure 12, the spanwise pressure distributions along the
wall are presented for the nozzle working at NPRd = 200. The change in flow structure is
evident with the absence of re-compression regions at the sides of the plug. Only monotonic
expansions in the spanwise direction are observable.

Figure 12. Spanwise wall pressure distributions pw/pc at different streamwise locations for NPR = 200.

In Figure 13, the vorticity contour fields at different axial sections are shown. Notably, the
highest values of the vorticity are concentrated in the boundary layer and in the recirculation
bubble that forms at the truncation of the plug. As we move away from the plug, the vorticity
gradually diffuses into the flowfield. Moreover, the evolution of the previously described
structures forming at the sides of the plug is clearly observable at different axial positions.

(a)

Figure 13. Cont.
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(b)

(c)

(d)

Figure 13. Colormap of vorticity magnitude at NPR = 3.7 for different axial positions:
(a) x/Lmax = 0.07, (b) x/Lmax = 0.3, (c) x/Lmax = 1.05 and (d) x/Lmax = 1.80.

5. Conclusions

The flow over a 40% truncated linear aerospike was studied by combining theoretical
grounds, numerical simulations and experimental tests. The numerical investigations are
based on three-dimensional CFD simulations at different operating conditions on the actual
geometry of the nozzle model tested experimentally. The experimental results have validated
the numerical results obtained at the corresponding NPRs. At higher pressure ratios, the
flowfield characterization is completed by CFD analyses only. The three-dimensional flow
features due to the finite span of the plug are investigated. A system of expansion and
re-compression waves is generated at the sides of the plug when the nozzle is working in
overexpanded conditions. It is also noticed that these three-dimensional effects become



Fluids 2024, 9, 179 13 of 14

more relevant at the end of the nozzle. The absence of re-compression regions at the sides of
the plug is observable when the nozzle is working at the design conditions.
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Nomenclature

Ae = Exit section area
[
mm2]

At = Throat section area
[
mm2]

b = Plug width [mm]
hb = Plug base height [mm]
he = Exit section height [mm]
ht = Throat height [mm]
Lmax = Ideal aerospike length [mm]
pa = Ambient pressure [bar]
pc = Static chamber pressure [bar]
p◦c = Total chamber pressure [bar]
pw = Static wall pressure [bar]
θ = Throat tilt angle [deg]
µ = Dynamic viscosity [Pa · s]
κ = Thermal conductivity [W/(m · K)]
NPR = Nozzle pressure ratio, p◦c /pa
NPRd = Design nozzle pressure ratio, (p◦c /pa)d
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