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Abstract

Due to the recent improvement in the additive manufacturing field, aerospike engines
have been reconsidered as a possible alternative to the traditional bell-shaped nozzles. The
former offer higher thrust and specific impulse during the launcher ascension phase because
they are theoretically able to adapt the gas expansion ratio, reaching the optimal condition
for a wide range of ambient pressure values, while bell-shaped nozzles can achieve the
optimal expansion condition only at the design altitude. This capability has been proved for
full-length plug nozzles, which, however, have some drawbacks, like a low thrust-to-weight
ratio and challenging design of the cooling system at the spike tip. Therefore, research
is moving towards truncated spike geometries, which allow the previously mentioned
issues to be overcome. The aim of this work is to verify the expansion adaptation ability of
a specific truncated aerospike geometry at different ambient pressures and to develop a
simplified theory to estimate the upper bound of the base thrust coefficient. The analysis
has been addressed by running numerical fluid dynamics simulations performed with an
OpenFOAM solver.

Keywords: aerospike; compressible supersonic flow; shape optimization; Prandtl-Meyer
expansion; launcher ascension

1. Introduction

Several designs, alternative to the traditional bell-shaped nozzles, have been proposed
since the 1960s [1]. One of them is the plug nozzle, the main advantage of which is the
ability to work in the optimal expansion condition for a wide range of ambient pressure
values, theoretically reaching the highest possible thrust coefficient and specific impulse
during the launcher ascension. The bell-shaped nozzle, instead, works in the optimal
expansion condition only at one ambient pressure [2—-4]. Hence, it operates most of the
time in off-design conditions. According to [5] (p. 84), the plug nozzle is able to work near
optimal performance at every altitude. Its major issue is the cooling system design. Effective
plug tip cooling is particularly difficult to achieve due to the small space available. This
issue is solved with the aerospike engine by truncating the plug at a given axial distance
from the throat section, but with the inconvenience of possible thrust losses. Unfortunately,
determining if the development of an aerospike engine could bring tangible benefits to
today’s launcher technology is not an easy task.
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Nowadays, a lot of researchers are working on aerospike technology in order to
improve its performance. For example, S. B. Verma, N. Gayathri, and P. P. Nair have
studied the conical nozzle and the truncated conical nozzle [6-8] through experiments and
numerical simulations. Liu has worked on the optimization of the design of an aerospike
with rotating detonation [9]. Wang has elaborated a simplified design and optimization
method for defining the aerospike nozzle contour, describing the spike with a parabola [10].
He is also working on the expansion—deflection nozzle [11,12], which works similarly to the
aerospike one: the flow is expanded through a Prandtl-Meyer expansion and, therefore, it
is able to adapt the expansion ratio according to the ambient pressure. The aerospike nozzle
has also been studied, both numerically by Li and Huang in [13-16] and experimentally by
Zhu, Z. Ma and D. Shen in [17-19], for a rotating detonation engine. In [20], Bell simulated
a radial rotating detonation combustor, which expands the gas in an aerospike nozzle.
In [21], Tian tested and simulated an aerospike nozzle in a hybrid rocket motor in order to
improve the specific impulse and the combustion efficiency for a wider range of throttle
conditions. In [22,23], Geron and Liu investigated the performance of a clustered plug
nozzle in order to split the expansion between a series of traditional bell-shaped nozzles
and a unique spike.

A group of researchers has been focussing on the manufacturing process of the aeros-
pike engine. For example, Schwarzer-Fischer proposed a ceramic additive manufactur-
ing method to build the entire thruster [24]; Pangea Aerospace [25-27] is working with
Aenium [28,29] to build a low-cost additively manufactured reusable aerospike engine
designed to produce a thrust in the order of 300 kN at sea level.

Despite the extensive research devoted to improving aerospike geometries, optimizing
additive manufacturing processes, and characterizing their expansion behaviour under on-
and off-design conditions, a systematic assessment of the adaptability of a real truncated
configuration is still lacking. In particular, the literature does not fully quantify how
truncation affects the ability to maintain optimal expansion over varying ambient pressures,
nor does it separate the thrust contributions of the different engine surfaces. This work
addresses these gaps by numerically analysing an additively manufactured aerospike
demonstrator and comparing the results with simplified theoretical models. The objective
is to determine under which operating conditions the truncated aerospike preserves the
performance characteristics of an ideal plug nozzle and to identify the primary sources of
thrust losses associated with viscous effects and geometric features such as the fillet and
the truncated base.

2. Numerical Approach

The numerical methodology adopted to run the static simulations shown in this work
was introduced by Fadigati in [30] and has already been used in [31-33]. Therefore, only
a summary of it will be presented in this section. Among the solvers contained in the
Open Field Operation And Manipulation (OpenFOAM) suite, dbnsTurbFoamhas been
chosen because it has been designed to solve compressible supersonic turbulence flows.
In particular, the solver uses the Harten, Lax, van Leer, Contact (HLLC) scheme described by
Toro in [34], which allows capturing shock and expansion waves, achieving a sharp solution
close to the discontinuities. The employed turbulence model is k-w Shear Stress Transport
(SST), which was developed by Menter [35,36]. It has been chosen because it combines the
advantages of both k-e and k-w models, achieving a good solution close to and away from
the walls. Due to the small engine length, a frozen expansion condition has been assumed,
for which the thermodynamic and transport properties of the flow are supposed to be
constant. They have been evaluated at the engine throat section, considering a complete
combustion, using the software Chemical Equilibrium with Applications (CEA) [37-39],
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developed by National Aeronautics and Space Administration (NASA). In the following
simulations, liquid oxygen and liquid methane have been considered with an oxidizer-to-
fuel mass ratio of about 2.8, which is the same propellant composition adopted in [30,33].
The flow thermodynamic and transport properties are shown in Tables 1 and 2. Due to the
frozen expansion condition, the flow properties shown in Tables 1 and 2 are constant in the
domain; therefore, to simplify the notation, the subscript th (throat section) will be omitted.
The CEA routine has also been used to evaluate the combustion chamber total temperature:
T,

0,cc
adjusting At, keeping the maximum Courant number below 0.08.

= 3340K. The walls have been considered adiabatic. Every simulation has been run

Table 1. Thermodynamic properties obtained by CEA.

Thermodynamic Properties

p,, [MPal 2.552
T, [K] 3140
C,, I/ (kgK)] 2452
T - 1.206
M, [g/mol] 19.84
Pinter [kg/m’] 3.1089
cs.  [m/s] 1272

inlet

Table 2. Transport properties obtained by CEA.

Transport Properties

py [kg/ (ms)] 1x1074

Pry, [-] 0.651

Hinter (kg/ (ms)] 1x10°4
3. Geometry

The simulated engine is a demonstrator additively manufactured by Pangea Aerospace.
It has been designed according to Angelino’s method [40] and then the spike has been
truncated at about 40% of its length. This solution has been chosen to improve the cooling
of the last portion of the spike and to fit the engine inside the printer, EOS M290 [41]. It has
been realized in GRCop-42, which is a copper alloy developed by NASA for regeneratively
cooled combustion chambers and nozzles [42,43]. The engine is axisymmetric, and it
theoretically develops a thrust of about 20 kN at sea level, with a specific impulse of about
268's. The combustion chamber nominal pressure is 45 bar (4.5 MPa).

4. Simulation Settings
4.1. Domain Size

The domain size has been decided according to the literature [8,44-46], as also dis-
cussed in [30]. To reduce the computational cost, 2D axisymmetric simulations have been
run. Figure 1 shows the domain size and the boundary names. It is convenient to define a
normalized curvilinear coordinate s that starts from the inlet (at which s = 0), follows the
innermost wall, and reaches its maximum value (s = 1) at the end of the aerospike base (on
the x-axis).
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Figure 1. Domain and boundaries of the DemoP1 simulation: 7, is the engine exit section radius while

Tg

referred to the web version of this article.)

is the engine external wall radius. (For interpretation of the colours in the figure(s), the reader is

4.2. Mesh

Figure 2 highlights the mesh in the region close to the throat section. Inside the
combustion chamber and the converging nozzle, the flow direction is almost completely
known from theory and, therefore, a structured mesh has been chosen; outside of it, instead,
an unstructured mesh has been used because the flow there is characterized by more
complex patterns. The flow boundary layer has been captured thanks to a structured mesh
refinement close to every wall. Due to the high Reynolds number and the small engine
size, the refinement thickness has been set a priori to 0.5 mm such that the boundary layer
thickness is enclosed by it. A geometrical progression increases the cell thickness along the
direction perpendicular to the walls, and, a posteriori, the value of y* along them has been
evaluated to check that it falls in the right range: y™ < 100 [47] (Section 7.6.4). The size of
the cells grows towards the farfields and the outlet to dissipate any vortices to avoid the
undesired backflow phenomenon and to limit the total number of cells. Figure 3 shows
the mesh and the refinement region located over the spike. It has been sized according
to the nozzle pressure ratio (NPR) to avoid increasing the total number of cells, i.e., the
computational time, too much. The length of the segment BW is changed in order to have a
mesh refinement region slightly larger than the main flow exiting from the engine. The exit
section area Apy, can be geometrically evaluated as A,y = 7(r3; —r3). It can also be
estimated using Equations (1)—(3) and supposing that the pressure at the end of the spike
is equal to the ambient one (This hypothesis is supported by the fact that the aerospike
can work in the optimal expansion condition for a wide range of ambient pressures; hence,
at the end of the spike the pressure should be equal to the ambient pressure.).

_ T—
pO,cc 2
1y
2 Pomp \
My = | —— | [ Zamb -1 )
W 71 < Po,cc )
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741
1 1+22Mm2 177
ABW — A L 2 BW (3)
"\ [
The length of the segment BW can be obtained by the following equation:
CspApw = ”(V%\/ - V%) 4

where ry and ryy are, respectively, the radial coordinates of the points B and W. ¢, fisa
safety factor greater than 1 that allows us to overestimate the exit section area and be sure
that the refinement region ends above the shear layer. It is important that the refinement
regions ends above the shear layer because, otherwise, a coarse mesh would lead to a thick
shear layer with a very smooth transition between the jet flow and the flow outside. This
can cause inaccuracies in the solution, like an attenuation of the shock wave reflection at the
shear layer or an increase in the mass flow entrainment in the aerospike plume. The mesh
close to the line JL has been sized in order to capture the thin shear layer that starts from
the wall and propagates towards the outlet. In this region, a too coarse mesh would lead to
a thick shear layer with a very smooth transition between the jet flow and the flow outside.
The overall mesh refinement level has been chosen by performing a mesh sensitivity study;,
reported in Appendix A. The line CJ is the throat segment and identifies the minimum
distance between the two walls. Point B has been selected at the spike end. 7, is the design
exit section radius and is equal to ;. However, the real value of , is slightly smaller than r
due to the fillet between points ] and L. The round connection between them is essential
due to additive manufacturing technical limitations and to avoid having a sharp edge that

would be difficult to cool.

Figure 2. Magnification of DemoP1 mesh in the throat section.

Refinement region
over the spike

Figure 3. Magnification of the refinement region above the spike. The thick lines are the domain
boundaries while the thinner ones delimit the mesh blocks. CJ is the throat section, JL is the curve
segment called fillet, B has been considered the start of the base.
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4.3. Boundary and Initial Conditions

Boundary conditions are defined following the nomenclature used in Figure 1. Since

they are similar to those described by Fadigati in [30], only a summary will be given in

this section.

Inlet: The total pressure at the inlet linearly increases from the ambient pressure to
the working conditions (4.5 MPa) in the first 33 ms. The temperature rises smoothly,
reaching the combustion chamber value of 3340 K. If the flow moves into the domain,
the velocity adapts according to the pressure difference between the inlet and the cell
centre that has a face belonging to this boundary, while, otherwise, a zero gradient
condition is imposed. w and k have been obtained using Equations (5)—(9).

3 2
Kinter = 5 (Uintet Lintet) 5)
Vk.
let
w: let - n (6)
e Cﬁlinlet
linlet = 0'07Linlet (7)
1
Liner = 0'16ReT (8)
DHinlet
R(ZD _ pinletDHinZEf uinlet (9)
Hinlet ‘uinlet

Equation (6) was introduced by Menter in [35]. Equation (7) is explained in
Appendix B.2. The turbulence intensity has been estimated using the empirical law
shown in [48] (its derivation is explained in Appendix B.1), C, = 0.09 according
to [35,36,49], p; ;s = My, and the characteristic length L
hydraulic diameter of the inlet D; ~ :

inlet

intet Nas been chosen as the

2 _ .2
D, = Ao _ 4 (rg — r§)
inlet qunlet 27‘[(7’F + rG) (10)
=2(rg —g)

rg and 7 are, respectively, the internal and the external inlet radii, while ®, , , is the
inlet perimeter. U, ,,, can be estimated by solving the following equation for the inlet
Mach number M,

inlet*
1.0 (’y+1)
I— 2(y-1
1+ 2 Mz’nlet
7+1
2

Ainlet —
Ay, M

1

(11)

inlet

where A; , , is the inlet section area, A, is the throat section area, and 1 is the heat
capacity ratio at the throat section.

u.

inlet = €

M

Sinlet

, =192m/s (12)

inle

Cs. . is the speed of sound in the combustion chamber, and it is one of the CEA

outputs.

Kijet = 59.15m?/s? (13)

inle

e = 2259 x 10%s71 (14)

Walls: The normal pressure gradient on the wall has been set to zero. Then, a no
slip condition has been applied to the velocity and the adiabatic wall condition has

https:/ /doi.org/10.3390/aerospace13010012
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been set for the temperature. Turbulence specific dissipation w and turbulent kinetic
energy k have been modelled using wall functions [50]. They allow us to describe the
behaviour of these two variables and to have a coarser grid resolution close to the wall
as long as the first cell centre starting from it falls in the log-layer region. Otherwise,
the height of these cells should be smaller than the viscous sublayer thickness, which
is very small. The wall functions employed herein are reported in the OpenFOAM
Guide [50]. A stepwise switch has been adopted between the inertial sublayer and the
viscous one.
Outlet: The flow velocity adapts accordingly to the pressure difference between the last
cell centre close to the outlet and the pressure imposed at the outlet itself. Regarding
pressure, a boundary condition that damps the wave reflection, imposing an advection
velocity, has been used,

op dp u

wave

ot + uwuvea = linf (poo - P) (15)
where u,,,,, = U, + ¢, is the advection speed, u,, is the flow velocity in the direction
normal to the boundary, lmf is the distance normal to the boundary at which the
pressure should reach p,,, and % is the partial derivative along a direction normal
to the boundary. This boundary condition was introduced by Poinsot and Lele [51],
and it has been used in other scientific works [45,52,53]. [ inf = 300 m has been imposed:
this value is a compromise between wave reflection and the need to have the desired
ambient pressure at the outlet. p, has been setequal to p,,,. Regarding T, w, and k,
a zero flux has been imposed when the flow exits the domain, while they have been set
to given values, respectively, T ., w,, and k,, when the flow enters the domain. k, and
w, have been evaluated using the following formula, where the characteristic length

employed to estimate the turbulence length scale is the engine external diameter:
l, = 0.16r, [54] (ch. 3.7.1). Therefore,

ko = %(ur 10)2 (16)
V ko

w, = (17)
°=Cl,

where U, is the external flow speed.
Farfields: A null flux is imposed when the flow exits the domain, while, in the opposite
case, a fixed velocity is set parallel to the engine axis:

u=[u, 0 o (18)

In static simulations, U, should be equal to zero, but to avoid the presence of a totally
quiescent flow and the consequent numerical issue, a small velocity is applied to have
an equivalent Mach number of 0.01. For an inflow, the pressure flux is set to zero,
while for an outflow the pressure is set to p_, .. Regarding the temperature, it is the
opposite: the ambient temperature is imposed when the flow enters the domain and a
temperature flux equal to zero is imposed when the flow exits it. The same boundary
conditions set at the outlet are used for k and w,

k= %(U If)2 (19)
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=

ws = (20)

@
\\'\

with [y = 0.16r,.
e lateral surface: OpenFOAM also requires a boundary condition, called wedge, for the
lateral surfaces in order to set a 2D axisymmetric simulation.

Table 3 lists the boundary conditions used in the simulations with the OpenFOAM
nomenclature. Regardless of the ambient pressure, the ambient temperature has been
set as the sea level one in every simulation (T,,,, = 288.15K) because this parameter has
no influence on the developed thrust. A zero velocity has been considered as the initial
condition inside the engine and in the plume region, while u f has been imposed in the
outer portion of the domain. The pressure has been initialized equal to the ambient one in
the whole domain. k and w have been set constant and equal to their value at the farfields
using Equations (19) and (20).

Table 3. Boundary condition table with OpenFOAM nomenclature.

Boundary Name 4 u T k w
. timeVarying pressurelnlet timeVarying Uni- . .
inlet TotalPressure OutletVelocity formFixedValue fixedValue fixedValue
outlet waveTransmissive giilsj,?\;:l{)rgft; inletOutlet inletOutlet inletOutlet
vertical farfield waveTransmissive glrlilsj,:l\;;{)rgft; inletOutlet inletOutlet inletOutlet
horizontal farfield waveTransmissive g;ifg&;;gﬁ; inletOutlet inletOutlet inletOutlet
compressible::
walls zeroGradient fixedValue zeroGradient kqRWallFunction ~ omegaWallFunc-
tion
lateral surface wedge wedge wedge wedge wedge

5. Static Simulation Results at Different Ambient Pressures

It is important to define two significant NPR values: NPR,,; and NPRg. The first one
corresponds to the nozzle pressure ratio at the design altitude, for which the Prandtl-Meyer
expansion reaches the end of the uncut spike. To evaluate NPR,;, the exit Mach number
needs to be calculated by solving Equation (21), supposing M, > 1. When dealing with
DemoP1, €, = 5.0.

o+l

A, 1 |1+ HlMﬂ o
€= o5 = oF — = M, =280 (21)

Ath M, 77
v
Po, -1 71
NPR,,; = opctc = {1 + ZME} =31.76 (22)
amb

NPRy is, instead, the nozzle pressure ratio for which the Prandtl-Meyer expansion reaches
the end of the truncated spike, which is identified with point B in Figure 3. It could be
similarly evaluated by imposing €5 = 3.16 for DemoP1:

Ag 1 1+ 721]\/1123] 771

Ay Mg %
p 1 71

NPRy = % — {1 + 72M]23} =16.32 (24)
Pamp
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where M is the Mach number of the flow over the line LB and Ay = Ay sin{p, in which
¢g is the Mach angle along the line LB and Ay is the area of the truncated cone obtained by
rotating the segment LB around the engine axis. Af;o is the throat section area, identified
by the segment CJ in Figure 3.

5.1. Aerospike Performance

To evaluate the adaptability of the aerospike at different ambient pressures, DemoP1
has been simulated in static conditions at several NPR values. Since it is a prototype engine,
its design has not been driven to maximize the delivered thrust. Therefore, it works in
under-expansion conditions already at sea level with NPR = 44.41. Hence, in order to
investigate the aerospike adaptability and to achieve over-expanded conditions keeping
the same combustion chamber total pressure, it has been simulated at ambient pressure
values higher than the sea level. According to the isentropic nozzle theory, the thrust
coefficient and the specific impulse depend only on the NPR. Consequently, the following
results could be extended to aerospike engines that work in over-expanded conditions at
sea level. It has been decided to keep the combustion chamber total pressure fixed to have
theoretically the same mass flow rate in every simulation. The tested NPR range spans from
3.21 up to 90.00. The values 16.32 and 31.76 have been included in the analysis because
they correspond, respectively, to the NPR value at which the Prandtl-Meyer expansion fan
reaches the end of the truncated spike and the value at which expansion adaptability stops.
The minimum NPR simulated is above 1.78, which is the minimum nozzle pressure ratio to
have a sonic flow at the engine throat section. Due to the fact that the obtained solutions
are unsteady, before every post-processing shown in this section, the temperature, pressure,
density, and velocity fields have been averaged in time within 60ms < ¢ < 70ms. This
time interval has been chosen because the thrust becomes almost constant after 60 ms.

In Figure 4, the engine is working in over-expansion conditions with a value of NPR
equal to 5.62. After the throat section, the flow expands according to the Prandtl-Meyer
expansion fan [55] (p. 69). A recompression and the subsequent expansion guides the
flow to the end of the spike, keeping it close to the wall [5]. Figure 5 shows the non-
dimensional pressure distribution, highlighting the expansion fan and oblique shock waves.
In Figures 6 and 7, featuring NPR = 16.32, the Prandtl-Meyer expansion terminates at the
end of the spike. Covering the fan expansion for the entire spike, the flow will have the same
properties over the surface of the latter at any NPR higher than 16.32. Figures 8 and 9 show
the engine in optimal expansion conditions. Therefore, at the end of the Prandtl-Meyer
expansion, the flow is almost aligned with the engine axis. Figures 10 and 11, instead, show
the engine in under-expansion conditions. The Prandtl-Meyer expansion ends beyond
the spike and the flow expands further downstream of the geometrical engine exit section.
In Figures 4, 6, 8 and 10, an expansion fan can be noticed at the end of the spike, which
deviates the flow towards the engine axis [56,57]. It is then followed by a trailing shock,
realigning the flow in a direction parallel to the axis itself.

Figures 5,7, 9 and 11 show the non-dimensional pressure distribution, highlighting
the expansion fan and oblique shock waves using the logarithmic scale. The aerospike
expands up to the ambient pressure; therefore the pressure does not change across the
shear layer, and therefore in these figures, it is depicted by a white dashed line.
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l[ull [m/s]
0 500 1000 1500 2000

oblique shock lip shock

Figure 4. Velocity magnitude field of DemoP1 simulation at NPR = 5.62, p,,../py.. = 0.178
(over-expansion).

p/py [-]

0.150 0.200 0.250 0.300 0.350

_ oblique shock lip shock

Figure 5. Non-dimensional pressure field of the DemoPl simulation at NPR = 5.62,
Pamp/ Pocc = 0-178 (over-expansion). The shear layer is depicted by a white dashed line.

l[ully [m/s]

0 500 1000 1500 2000 2500

lip shock trailing shock

Figure 6. Non-dimensional pressure field of DemoP1 simulation at NPR = 16.32, p, .../ Pg .. = 0.061
(over-expansion).

p/py -]

0.060 0.080 0.100 0.120 0.140

___lip shock trailing shock

Figure 7. Velocity magnitude field of the DemoP1 simulation at NPR = 16.32, p,,,.,./ p, .. = 0.061
(over-expansion). The shear layer is depicted by a white dashed line.

https://doi.org/10.3390/aerospace13010012


https://doi.org/10.3390/aerospace13010012

Aerospace 2026, 13,12 11 of 46

l[ully [m/s]
0 500 1000 1500 2000 2500 3000

lip shock trailing shock

Figure 8. Velocity magnitude field of DemoP1 simulation at NPR = 31.76, p,,.../pg.. = 0.031
(optimal expansion).

p/py -]

0.020 0.040 0.060 0.080 0.100 0.120 0.140

lip shock trailing shock

Figure 9. Non-dimensional pressure field of the DemoP1 simulation at NPR = 31.76,
Pamp/ Po,cc = 0-031 (optimal expansion). The shear layer is depicted by a white dashed line.

l[ully [m/s]

0 500 1000 1500 2000 2500 3000

trailing shock
lip shock

Figure 10. Velocity magnitude field of DemoP1 simulation at NPR = 60.00, p,,,,/pg.. = 0.017
(under-expansion).

p/pyc -]

0.000 0.020 0.040 0.060 0.080 0.100

trailing shock - - -~

lip s/h’ogk/"‘_\

Figure 11. Non-dimensional pressure field of the DemoP1 simulation at NPR = 60.00,
Pamp’ Po,cc = 0.017 (under-expansion). The shear layer is depicted by a white dashed line.
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The streamline patterns shown in Figures 12-15 help interpret this behaviour. At a
low NPR (Figure 12), the Prandtl-Meyer expansion covers only a portion of the spike,
and the flow detaches shortly downstream of point B, forming a recirculating bubble whose
size is delimited by points A and A”. As NPR increases, the end of the expansion fan
progressively moves toward point B, as visible in Figures 13 and 14, eventually covering
the entire spike at NPR = 16.32. This shift directly explains the trend reported for higher
NPR values: as the expansion region increases, the thrust generated by the spike surface
grows until the expansion reaches B, beyond which the pressure distribution becomes
independent of ambient pressure. Figure 14 illustrates the streamline topology in optimal
expansion conditions (NPR = 31.76). The Prandtl-Meyer fan terminates exactly at the end
of the full length spike. Downstream of B, a trailing shock realigns the inner streamlines
with the engine axis. In agreement with [33,57], the flow follows the spike and leaves it
with an inclination that is close to its slope when the NPR is low, while, for high NPR
values, only the flow, near the boundary layer, leaves the wall with an inclination that is
parallel to the wall itself. Differently, away from the wall, the flow has an inclination given
by the Prandtl-Meyer expansion. The recirculation bubble has a similar triangular shape in
every simulation.

X oblique shock

lip shock
§
=
B’ L= S—_
A AT

Figure 12. Streamlines of the DemoP1 simulation at NPR = 5.62, p,.../ Py .. = 0.178. Points A and
B are, respectively, points at the base of the engine axis and the end of the spike. Meanwhile A”
highlights the end of the recirculating bubble. The throat section segment is depicted by a solid
red line.

g > ock trailing shock

Figure 13. Streamlines of the DemoP1 simulation at NPR = 16.32, p,..,/ P . = 0.061. Points A
and B are, respectively, points at the base of the engine axis and the end of the spike. Meanwhile
A’ highlights the end of the recirculating bubble. The throat section segment is depicted by a solid
red line.

lip shock trailing shock

Figure 14. Streamlines of the DemoP1 simulation at NPR = 31.76, p, . /P .. = 0.031. Points A
and B are, respectively, points at the base of the engine axis and the end of the spike. Meanwhile
A" highlights the end of the recirculating bubble. The throat section segment is depicted by a solid
red line.
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trailing shock

Figure 15. Streamlines of the DemoP1 simulation at NPR = 60.00, p,, ;,/pg.. = 0.017. Points A
and B are, respectively, points at the base of the engine axis and the end of the spike. Meanwhile
A" highlights the end of the recirculating bubble. The throat section segment is depicted by a solid
red line.

Table 4 shows the mean value of the average mass flow rate (riz) evaluated in each
simulation within 60ms < ¢ < 70ms and its comparison with the theoretical one ().
According to the isentropic nozzle theory, the mass flow rate is almost independent of the
nozzle pressure ratio, but its value is lower than the theoretical one due to the boundary
layer. The calculated average discharge coefficient is 0.982.

Table 4. Average DemoP1 mass flow rate compared with the theoretical one.

m T it Asit Cy
[kg/s] [g/s] [kg/s] [kg/s] [—]
7.695 4.174 7.838 —0.143 0.982

Figures 16 and 17 show the comparison between isentropic nozzle theory and the
simulation results. The blue line outlines an ideal nozzle with a variable aspect ratio that
always works in optimal expansion conditions. This line can be considered as a theoretical
upper limit. The orange and yellow dashed lines represent, respectively, an ideal plug
nozzle (for more detail see Appendix C) and an ideal bell-shaped nozzle that have been
designed with the same aspect ratio as DemoP1. The violet dots are the thrust coefficients
obtained from the simulations using the following formula:

F

CF e
= geo
Ath pO,cc

(25)

where Aflfo is the geometrical throat section identified by the segment CJ in Figure 3, while
the thrust F has been calculated as explained in [33]:

E= Einlet + £walls (26)

Einle’c = ﬁeu : /S {BE(E : ﬁ) + (E - pamb)ﬁ} dA (27)
“ “inlet

£walls = ﬁeu : /S [(E - pamb) I+I]ﬁdA (28)

wall

where fi,, is the unit vector parallel to the engine axis, pointing toward the engine inlet, fi

is the outward surface normal unit vector, S, ., is the inlet surface, and S ;. is the surface

nlet
obtained from the union of all the solid walls (Figure 1). EF contains the wall shear stress
contribution. It can be noticed that, despite the spike truncation, DemoP1 is still able to
achieve a thrust coefficient close to that of the ideal plug nozzle both in the under-expanded
and over-expanded conditions (violet dots in Figure 16). The thrust coefficient losses can

be correlated with two-dimensional geometry and viscous losses. The thrust coefficients
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obtained by the simulations have also been evaluated with an equivalent throat section
area calculated by inverting the formula for the isentropic nozzle mass flow rate.

+1

it [RsToee [ +1) 2D

Al = = | ==K (29)
pO,cc v 2

The use of the equivalent throat section area allows us to remove the effect of thrust
reduction directly related to the reduction in mass flow rate because using AfZ to evaluate
the thrust coefficient corresponds to comparing the simulation results with an ideal bell-
shaped nozzle that has a mass flow rate equal to the one obtained from the simulation.
Hence, in the case of thrust losses, they are not related to the reduction in mass flow rate,
but they depend only on the pressure distribution over the engine surfaces or skin friction.
The thrust coefficient values computed with the equivalent throat section are displayed
in Figure 16 with green dot markers. They are almost overlapped with the curve of an
ideal plug nozzle. Therefore, it is possible to assume that this aerospike is working like a
non-truncated plug nozzle because the base is able to recover the thrust lost by the plug
truncation. This is also confirmed by the specific impulse comparison shown in Figure 17,
in which the specific impulse calculated from the simulations is almost coincident with the
ideal one. The average AC; between the simulated DemoP1 and the ideal plug nozzle is
—2.79% of the theoretical thrust coefficient using the geometrical throat section area, while
it drops to —0.98% when the equivalent one (AfZ) is used. This result confirms that there
are some losses not related to the reduction in the mass flow rate. They will be studied in
Section 5.3.2. The maximum specific impulse reduction is about —1.31%. Like the ideal
plug nozzle, DemoP1 loses its adaptability feature when p, . < pi;th, where pziffh is the
ambient pressure at which a bell-shaped nozzle, with the same aspect ratio as DemoP1,
achieves the optimal expansion condition. From the isentropic theory, PZ;Zth depends only

one, = %. Therefore, to extend as much as possible the pressure range at which the
th
aerospike has an optimal expansion, the engine aspect ratio should be as great as possible

(compatibly with the volume and mass of the launcher on which it would be installed).
pB . is the ambient pressure at which the Prandtl-Meyer expansion fan reaches the spike
end. Between pzsz and pame,

base recovers some thrust by expanding the flow up to the ambient pressure. From the

the spike reaches the maximum expansion possible and the

results shown in Figure 16, the aerospike is still able to achieve a thrust coefficient close to
the one of the isentropic plug nozzle also in this condition.

NPR [-]

10.00 6.67 5.00 4.00 3.33
T

1.80 F — T T T —

—— Isentropic varing exit section nozzle

NPR = NPR,
opt B

1.60

1.40

1.20

[N

- - - Isentropic plug nozzle
Isentropic bell-shaped nozzle
e DemoP1 - geometrical 4,

= e DemoP1 - equivalent A,
se
L]
|- L

o 100+ ° T .
0.80 |~ B
0.60 |- o
0.40 |- o

t | f | | | | |
0.05 0.10 0.15 0.20 0.25 0.30
pamb/pﬂ.cc (=1

Figure 16. Thrust coefficient at different nozzle pressure ratios compared with the theoretical one.
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Figure 17. Specific impulse at different nozzle pressure ratios compared with the theoretical one.

5.2. Single Stage to Orbit Design

Figure 18 compares the performance of the launcher equipped with different types
of engines: the blue line, which is almost completely covered by the orange dashed one,
corresponds to an isentropic nozzle with a variable exit section and could be considered an
upper limit for the achievable thrust coefficient; the orange dashed line corresponds to an
isentropic plug nozzle with €, = 100, while the yellow ones depict a family of isentropic
bell-shaped nozzles obtained by varying the aspect ratio. (These lines have been obtained
by applying Equations (3)-(30) [2] (p. 65)):

-1
2 g2zl Ea _
CF: 2y < 2 )7 1— Pe +p6 pumbee
y-1\r+1 pO,cc % 0,cc

where p, is the pressure at the exit section of the bell-shaped nozzle, and it is fixed due

to the isentropic relations. The flow properties, used in the calculations, are reported in
Tables 1 and 2. Let us proceed to design a Single Stage To Orbit (SSTO) launcher that has
to fly from sea level up to vacuum conditions: NPR;; — NPR,,.. Assume that the engine
has an expansion ratio equal to 100, while the other parameters are the same as those of
DemoP1 (p, .. = 4.5MPa, T; .. = 3340K). To achieve a performance close to the maximum
possible at a low NPR, a bell-shaped nozzle should be designed with a low aspect ratio
(for example, €, = 10), but this would imply that for the vast majority of the flight it
would work in under-expansion conditions and would provide a very poor performance
at low ambient pressure if compared to the isentropic plug nozzle. To achieve a good
performance at a high NPR, the bell-shaped nozzle should be designed with a larger aspect
ratio (for example, €, = 80), but this would lead to poor performance at low altitude and,
in case the expansion ratio was too large, a normal shock wave could appear inside the
engine: Figure 18 reports only the operative range of bell-shaped nozzles; the hatched
red region highlights their non-operative conditions. At very low ambient pressure, the
ideal plug nozzle also starts to behave like a bell-shaped one with an aspect ratio equal
to 100. Therefore, to achieve the highest performance its geometrical aspect ratio should
be maximized in order to diverge as late as possible from the behaviour of an optimal
expansion nozzle. Hence, the ideal plug nozzle exit section should cover the entire rocket
diameter. Due to the results shown in Figure 16, the same design criteria could be applied
to the aerospike design.
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Figure 18. Comparison between different engine performances. The yellow dash lines represent a
family of bell-shaped nozzle designed with different aspect ratio.

5.3. Thrust Delivered by Individual Engine Surface
5.3.1. Theoretical Thrust Delivered by Each Surface

To understand the source of the thrust losses highlighted in Figure 16, the thrust
delivered by each engine surface has been compared with the corresponding theoretical
one. The engine can be divided in eight surfaces, as shown in Figure 19. For each surface,
the theoretical thrust coefficient can be evaluated and then compared with the one obtained
from the simulation using Equations (30)—(32):

=4, /S (P pums ) 1+ 7] R4 (30)
wall,j
C E 31)
Lri=—%e0
! A(fifopo,cc

where i, is the unit vector parallel to the engine axis, pointing toward the engine inlet,
fiis the outward surface normal unit vector, and S|, ;i the j-th wall surface. The inlet
contribution has been evaluated considering a combustion chamber with a finite cross-
section area. Therefore, the part of the engine before the inlet has been considered as an
ideal nozzle (i.e., inviscid flow and isentropic expansion) whose exit section corresponds to
the simulation inlet.

Finlet = figg - /S [P u(u-f)+ (E - pamb)‘ﬂ dA (32)

inlet

The methodology used to obtain the theoretical thrust coefficients has already been intro-
duced by Fadigati in [33] (Section 5.2.2) for p, . > pb . Hence, it will be discussed briefly.
Figure 19 shows the engine subdivision in the case in which p,,, > pB .. As shown in [33],
applying the momentum balance and the isentropic nozzle theory, the thrust developed by
the j-th region can be written as

F] - m (ui’,j cOoS 91/,]‘ - u[/j cos 91,])
+ (Pr,j - Pamb) A, jcosp, (33)

+ (Pz,j - pamb) Apjcosp
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where F] is the thrust delivered by the j-th section, i1 is the mass flow rate, u is the flow
speed, 8 is the flow inclination with respect to the engine axis (the angle 6 is positive when
the flow velocity is pointing away from the engine axis), p is the static pressure, A is the
engine section area, and f is the angle between the engine section normal and the engine
axis (the angle B is positive when fi is pointing away from the engine axis). The thrust
developed by the part of the engine before the inlet is obtained by applying the isentropic
nozzle theory, considering the inlet as a rocket exit section.

F inlet — 1 Uinlet + (P inlet — P amb)AinIet (34)

The mass flow rate 7z can be calculated using the isentropic nozzle theory. It is independent
of the ambient pressure because the engine is working in chocked conditions. It is better to
split the thrust evaluation into two cases:

Pamp > Pop: The Prandtl-Meyer expansion ends over the spike;
*  Pump < PB ., The Prandtl-Meyer expansion ends at the end of the spike or beyond it.

When p,., > pB . the isentropic nozzle theory allows us to estimate the pressure
and the velocity in each engine section from the inlet to the line JB/, which marks the end
of the expansion, in which the flow reaches the ambient pressure value. After this section,
the flow cannot be expanded any more and, therefore, the pressure is considered constant
and equal to p_,,, while the velocity magnitude is constant and equal to

-1

29R P | |
u]B’ = v — iTO,cc 1- (ﬂﬂl) (35)

P 0,cc

The inclinations of the engine section normal unit vector () are known a priori, except for
Byp» which depends on the ambient pressure. It can be calculated using the Prandtl-Meyer
theory (Appendix D).

In this supersonic expansion region, the relation between the area ratio and the local
Mach number should be modified as follows:

=1 g2 %%

A 1 14+ 55-M= |7

€= —2w — 31 % (36)
Ath M 'YT

in which A = Asing: A is the actual passage area, A is the geometrical area of a generic
engine section, and ¢ is the local Mach angle, which is also the inclination at which the flow
crosses the local Mach line (Appendix D).

From the inlet to the throat section, the flow direction has been assumed to be per-
pendicular to the corresponding engine section. The flow direction 6}, can be evaluated
from the Prandtl-Meyer theory (Appendix D). In agreement with Onofri in [57], in over-
expansion conditions, the flow is confined close to the spike. Therefore, when it leaves it,
its direction is parallel to the wall itself. This is true until p,,, &~ pB .. In this situation,
only the flow close to the spike wall has a direction parallel to the latter. At the same time,
the more external flow is oriented according to the Prandtl-Meyer expansion. Therefore,
to blend these two conditions, it has been assumed that

Oy = max (53, elB,) (37)

By convention, 6 is positive when the flow velocity is pointing away from the engine axis.
J is oriented in the same way. Along the line AV, it has been assumed that the flow is
parallel to the engine axis. This condition is the one that maximizes its thrust contribution
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and allows us to obtain an overall value equal to the one calculated using the isentropic
nozzle theory on an equivalent nozzle that has the same aspect ratio, throat section area,
and combustion chamber total pressure. The location of point W has been chosen in order
to contain all the flow inside the coloured region shown in Figure 19. Hence, there is no
mass flow rate through the lines LW and WV.

When p,,, < pB ., the Prandtl-Meyer expansion covers the entire spike. Therefore,
in this condition, the point B’ coincides with B; hence it no longer represents the end of
the Prandtl-Meyer expansion, which could continue beyond the spike end. From the
inlet surface up to the line ]B, the thrust could be evaluated as has been described before
because the same hypotheses apply. For the other surfaces, instead, different hypotheses
should be adopted. The thrust provided by the spike between the points B’ and B is
zero because the surface between these two points collapses into a circle whose lateral
surface has zero area. The thrust contribution delivered by the base could be evaluated by
applying Equation (33) to the region delimited by the line JBAA’VWL, but this calculation
can be skipped because the ideal aerospike can at least work like the ideal plug nozzle,
meaning that the base sufficiently contributes to make the aerospike reach the ideal plug
nozzle thrust value. Obviously, this is an upper bound for the thrust generated by the base.
The estimation of the base thrust coefficient will be deepened in Section 5.3.3.

Converging nozzle

Combustion
chamber / M - )
rust recovere
G \ H by the base

F E /K /V

I
Prandtl-Meyer |
expansion :
Flow alignment I

I

Inlet

—— Combustion chamber
Converging nozzle
Spike
Base

—— Fillet

Vertical external wall

—— Horizontal external wall

External wall extension

Figure 19. Subdivision of the engine into five regions used to evaluate the thrust produced by each
surface whenp, . > p?mb. (For interpretation of the colours in the figure(s), the reader is referred to
the web version of this article.)

According to the Prandtl-Meyer expansion, the point J is a singularity in which
the pressure decreases from the throat value to the ambient one. Therefore, the entire
fillet feels the ambient pressure and does not contribute to the resulting thrust. Also,
the pressure distribution over the vertical and the horizontal external walls is constant and
equal to the ambient one. Consequently, they theoretically provide zero thrust at every
ambient pressure.

5.3.2. Comparison of the Thrust Coefficients Generated by Each Surface

The comparison between the theoretical results and the ones obtained from the sim-
ulations are shown in Figures 20 and 21, which display the thrust coefficient delivered
by each engine surface, except for the external wall. The value associated to the latter is,
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in modulus, lower than 7.6 x 10~%. Hence, being very close to the null theoretical value,
it can be considered negligible in the following analysis. Anyhow, it must be underlined
that this thrust coefficient is not exactly zero in the simulation because the aerospike plume
sucks the external flow [33,58], leading to wall shear stress formation on the external wall.
Figure 20 highlights how, for the inlet, combustion chamber, and converging section, the nu-
merical results remain close to the theoretical predictions, with deviations mainly driven
by boundary-layer-induced reductions in mass flow rate. Figure 21 shows instead that the
largest discrepancies arise in the spike region and in the fillet. The portion of the spike
controlled by the Prandtl-Meyer expansion shows reduced thrust at a low NPR because the
expansion is delayed by the rounded fillet. The base contribution matches the theoretical
value in under-expanded conditions, while in over-expansion its oscillatory behaviour
reflects variations in the flow turning angle after the oblique shock at the spike end (this
part will be described more in detail in Section 5.3.3). Figure 22 shows the difference
between the thrust coefficients obtained from the simulations and the theoretical ones:

g
where Cp. j and Cp ; are, respectively, the theoretical thrust coefficient delivered by the j-th
surface and the one calculated from the simulation on the same surface. The theoretical
thrust developed by the inlet is close to the simulation results because in both cases similar
formulas have been used to evaluate it. The difference is mainly due to the mass flow rate
reduction due to the boundary layer. The combustion chamber produces a slightly negative
thrust coefficient due to the flow boundary layer. At every nozzle pressure ratio, the con-
verging nozzle delivers less drag than the theoretical one. This phenomenon has already
been explained by Fadigati in [33], and it will not be investigated here. For NPR > NPRg,
the Prandtl-Meyer expansion covers the entire spike. Hence, the pressure distribution
over it is independent of the ambient pressure. This explains why the spike thrust coeffi-
cient, shown in Figure 21, related to the Prandtl-Meyer expansion grows linearly as the
ambient pressure decreases. For NPR < NPRg, the thrust produced by the Prandtl-Meyer
expansion starts to decrease because it covers a smaller part of the spike, while the thrust
delivered by the alignment of the flow over the spike grows with %. The base works
close to the theoretical prediction for NPR > 22.50, which is almost the transition nozzle
pressure ratio that delimits the open-wake condition from the closed-wake one: more
details about the transition nozzle pressure ratio are given in Section 5.5. For NPR < 22.50,
the base produces less thrust than in the theoretical case. In under-expansion conditions,
the thrust delivered by the base is positive, and it increases linearly as the ambient pressure
decreases. In [57], Onofri claims that the base delivers positive thrust in under-expansion
conditions and a neutral or slightly negative contribution in over-expansion. The first part
of the sentence is in agreement with the results shown in Figure 21, while in over-expansion
conditions the results are in disagreement: this issue is explained in Section 5.3.3. The
fillet produces a negative thrust due to the delayed expansion, which has already been
described by Fadigati in [33]. Its drag contribution decreases linearly as % increases,

0,cc

reaching almost a null value because, increasing %, the area of the fillet covered by the

expansion decreases, and the one that feels the ambient pressure increases.
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Figure 20. Comparison among the theoretical thrust coefficients of the inlet, the combustion chamber,

and the converging nozzle.
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Figure 21. Comparison among the theoretical thrust coefficients of the spike (Prandtl-Meyer expan-
sion), the last portion of it, the base, and the fillet.
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Figure 22. Thrust coefficient difference for each surface varying the NPR: ACy ; = Cp; — Cp, 2
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For NPR > 4.0, the fillet provides the highest drag, which is partially compensated
by the converging nozzle and the first part of the spike covered by the Prandtl-Meyer
expansion. Figure 23 shows the same results divided for the corresponding theoretical
thrust coefficient of the engine at a given NPR.

ACp;  Cpj—Cpj

CF a CF

oC Fj= (39)
where Cp j and Cp ; are, respectively, the theoretical thrust coefficient delivered by the j-th
surface and the one calculated from the simulation on the same surface. Meanwhile Cy. is
the total theoretical thrust coefficient:

]

Under low-ambient-pressure conditions, the fillet decreases the theoretical thrust coefficient
by more than 6% relative to its original value. Table 5 collects the 6C E, for every surface at
the different values of NPR, highlighting the pressure contribution & Qg j and the drag due
to the wall shear stress 5Q¥’j~s:

£p ﬁea . fSW"iH i (E N Pam}?) I . ﬁdA
Q}Z,J‘ = Ageo] = : ']Ageo (41)
th P 0,cc th P 0,cc
Fwss fi,, fS ThdA
zFus}s el _ wall,j (42)
=F,j geo geo
Ath p 0,cc Ath p 0,cc
P.—C
P =F Ej
6Ch; = (43)
F
%US‘S
=]
oCF =< (44)

The theoretical drag related to the wall shear stress is considered zero: C;";S = 0. The table
highlights that the drag due to the wall shear stress is located mainly at the converging
nozzle, at the fillet, and on the first part of the spike. The average overall drag contribution
among the different NPR values is about —0.75%, while the average thrust loss related to
the pressure distribution is about —2.04%, almost three times bigger.
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Figure 23. Thrust coefficient difference in percentage with respect the total theoretical thrust coefficient
. . GGy
for each surface, varying the NPR: 6C Fi= TI

https:/ /doi.org/10.3390/aerospace13010012


https://doi.org/10.3390/aerospace13010012

Aerospace 2026, 13, 12 22 of 46
Table 5. Summary of the thrust coefficient calculated for every engine surface.
Inlet Combustion Chamber Converging Nozzle Fillet Spike Spike Base External Wall Total Theoretical
Prandtl-Meyer Expansion Last Part

/ NPR  OCh, ocys 0 0 0 0 och plery oy Plory Y o1 9CH ey, 0 0 Y 0 0
Pamirfose 50 B TS OCha (%] oGN] OCha Wl acgm %] Tme e Tl o OChap el e 6] e Tlhee o sch tn] oCkn, (%) CR[%] OCK (%] IC %] Cpl-]
g‘ 0.01 90.00 —0.41 0.00 0.03 —0.09 3.38 —0.29 —6.35 -0.11 1.52 —0.37 0.00 0.00 -0.17 —0.02 —0.01 0.00 —2.01 —0.87 —2.88 159
_§ 0.02 60.00 —0.41 0.00 0.03 —0.08 3.46 —0.31 —6.37 —0.11 1.59 —0.50 0.00 0.00 —0.13 —0.01 0.01 0.00 —1.82 —1.00 —2.83 1.56
5 0.02 4441 —0.42 0.00 0.03 —0.06 3.49 —0.31 —6.36 —0.11 1.64 —0.52 0.00 0.00 —0.12 —0.01 0.01 0.00 -1.73 -1.02 —2.75 1.53
OSX‘;"‘“‘ 0.03 3176 —043 0.00 0.03 ~0.09 3.68 ~0.36 —6.36 ~0.11 166 ~052 0.00 0.00 ~0.12 ~0.01 ~0.01 0.00 ~1.55 ~1.09 —2.64 148
0.04 22.50 ~043 0.00 0.03 ~0.06 375 ~028 —627 ~0.10 175 -0.20 0.00 0.00 ~0.50 ~0.01 —0.01 0.00 ~1.69 —0.65 -2.33 143
0.06 16.32 —0.45 0.00 0.03 —0.06 3.94 —0.30 —6.13 —0.10 1.82 —0.21 0.01 0.00 —1.44 0.00 0.00 0.00 —2.22 —0.66 —2.88 137
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CF base =

A

A8

5.3.3. Theoretical Thrust Coefficient Delivered by the Base

To understand the behavior of Cp, . at different nozzle pressure ratios, it is necessary

to calculate it using the momentum theory. When % < % < %, where % is the
maximum pressure ratio for which the flow still reaches the sonic condition at the throat
section, Equation (33) can be applied to the region BAA’VW considering that the flow
enters from the segment BW and exits from A’V: point W has been chosen to fall outside
the supersonic flow. In this condition, the expansion has already reached the ambient
pressure over the spike, and the base can only recover the thrust due to flow alignment.
This implies that the flow speed is constant and equal to iy, which is the flow speed at
the end of the Prandlt-Meyer expansion (Equation (35)). The flow along the segment BW,
according to Equation (37), has an inclination that is the maximum between the spike slope

and the flow direction at the end of the Prandtl-Meyer expansion.

When % < %, Equation (33) has to be applied to the region defined by the vertices
JBAA'VWL, s’upposir'1g that the fillet surface feels only the ambient pressure; i.e., it provides
zero thrust. Hence, the flow enters from the segment JB and exits from the line LWVA'.
In this case, the Prandtl-Meyer expansion has reached the spike end; therefore Uy = U,

and it is independent of %.
0,cc

-1

2R Powt |
Uy = Ty |1— | Bomb (45)
B - 1 0,cc ( pO,cc

The flow direction along the segment JB is obtained with Equation (37). The pressure over
it is fixed at the value pame, while, over the exit surface, the flow is expanded down to
the maximum between pZth and the current ambient value. This happens because the
aerospike, like the plug nozzle, looses its adaptability for ambient pressures lower than
p% tb. Hence, the minimum pressure achievable at the end of the expansion is limited by
pgi tb: the flow will continue to expand in the atmosphere, but this expansion will have
no influence on the thrust delivered by the engine. The flow speed at the exit surface is

evaluated as follows:

opt WTil
2R, max(pamb’ pamb)
e v — 1 " 0cc -

(46)
P 0,cc

At every nozzle pressure ratio, it has been supposed that the flow exiting from the sur-
face LWVA' is always aligned with the engine axis because this condition maximizes the
thrust; i.e., Cpp . is an upper bound value for the base thrust coefficient. Combining the
hypotheses listed before, the base thrust coefficient could be evaluated at different nozzle
pressure ratios, as shown in Equation (47).

. B ) cr
gmL [MJB, — liyp COS (max (JB, GJB’))} Pamp < Pamp < Pamb
th Poce Po,cc Po,ce Po,cc
i B opt B
m A
—w {ue — ljg COS (max (‘sBrejB))} — M _ @ € — k;aeb;)t Pamb < Pamb < Pamb (47)
th Poce Poce  Pocc Ay Pocc ~ Pocc  Poce
. B opt opt
11 A p
0 [uf — U COs (max (‘53/913))} _ ( Pamb _ Pamp €, — 23576 4 [ Pamb _ Pamp e Pamb . Pamb
th Po,cc Po,ce Po,cc Ath Po,cc Po,cc Po,cc Po,cc
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Here, Abase = m’2B, A, = 7'[7‘]2, 5B is the spike slope at point B, while GJB is the flow
direction along the segment JB due to the Prandtl-Meyer expansion. The ratio ﬁ can
th F0,cc
be expanded into
7+1
j 2 2(r-1)
o ( > ! (48)
r+1

geo
Ath pO cc \/ Rs T(),CC

Therefore, in Equation (47), p,,,,, always appears divided by pj ... Consequently, their ratio
can be considered as a unique input parameter for the equation.

P
CP,base = CF,base (er €es ﬂb/ TO,ccf Y Rs) (49)

0,cc

Figure 24 shows the theoretical thrust coefficient of the DemoP1 base, highlighting
the contribution of the term related to the pressure and the one related to the velocity
variation. For NPR > NPR Gy=0_,7 the base recovers thrust, aligning the flow with the

18/

engine axis. Since the flow leaves the spike with higher speed, its thrust coefficient grows

as the ambient pressure decreases, while the pressure term is zero because the flow has

already reached the ambient pressure value over the spike. AtNPR; _o = 12.43,05 = O,
BB/

hence the flow inclination given by the spike slope is the same as the one given by the

Prandtl-Meyer expansion. At this nozzle pressure ratio, there is a discontinuity in the
Pamb

derivative of Cp} ... with respect to 72 due to the presence of the term max ((SB, 9]}3’) in
Equation (47). Subsequently, for greater nozzle pressure ratios, the thrust coefficient of the
base drops because the flow leaves the spike with lower inclination, causing less thrust to
be recovered. For NPRg < NPR < NPR,,;, the term related to the velocity starts to rise
due to the fact that the spike has reached the maximum expansion and the base begins
to further expand the flow. Nonetheless, since the pressure term also starts to decrease
linearly as Zg’"” decreases, this is not enough to increase the overall thrust coefficient value.
For NPR > NPR, ;, because the base cannot further expand the flow, the term related to
the velocity becomes constant, while the pressure term starts to increase, leading to a rise

. . . . A
in the base thrust coefficient with a constant slope equal to — %:
th

2
_ “"base _ 7Abase Ae — _ ane — _ 26 (50)
Aétg;o Ae Aét;;‘o 7'[1’% e My€e

where 77, = ;—‘:. From Figure 24, it is clear that the theory matches the simulation results in
under-expansion conditions, while it overpredicts the thrust coefficient in the other cases.
The main issue is the estimation of the flow direction at the spike end. In over-expansion
conditions, the flow after the Prandtl-Meyer expansion deviates due to a series of oblique
shock waves and expansion fans: in particular in DemoP1 there is only one oblique shock
wave because the spike is relatively short. After this shock wave, most of the flow keeps the
new direction independently of the spike wall. As can be seen from Figure 12, most of the
flow leaves the spike with an inclination larger than é, i.e., more aligned to the engine axis.
In over-expansion conditions, Cr,,.. oscillates due to the oblique shock over the spike,
which influences the flow direction. An opposite oscillation can be seen in Figure 21 in the
thrust coefficient of the last part of the spike. To confirm this hypothesis, an average value
of the flow inclination over the segment BW can be computed using the following formulas:
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. fsBW p(x, t)u(x t)(u(x,t) - fi) dS
) = D) (a1 ) 5 -
Js. pxt)u(xt)(u(xt)-n)ds
mia(t)
Opw (t) = atan2(f - digyy (1), 7 - dpy(t)) (52)
By — L/tbé (t)dt (53)
Oow = 3y )y, Oow

where 7 and  are the unit vectors pointing, respectively, along the engine axis and along
the radial direction. ¢, and ¢, are the extreme values of the post-processing time interval:
At,, = t, —t,. They are, respectively, equal to 60 ms and 70 ms. The average computed
with Equation (52) has been designed in order to conserve the instantaneous momentum
flux through the surface Sgyy:

BW

Fpwlt)= [ pletulxt)(ulxt)-8)ds (54)

As shown by Figure 24, for NPR < NPRy, Oy oscillates in the opposite direction to C F base’
confirming their negative correlation. When fgyy has a low value, the flow leaves the spike
with an inclination towards the engine axis. Therefore, Cp .. is high because the flow has
to turn by a greater angle to align it with the axial direction. In the opposite case, when
gy is almost horizontal, less thrust can be recovered by the base. Figure 24 also highlights
how the hypothesis that, in over-expansion conditions, the flow leaves the spike parallel
to its wall is not completely true. Only the flow portion close to the wall is influenced by
the wall slope, while, far away from it, its direction depends on the deviation due to the
last shock/expansion waves over the spike. Oy oscillates with varying ambient pressures
because a supersonic flow cannot follow the smooth wall variation,but it can only turn by
means of shock waves. Despite that, the approximation

fgw = max (53, GJB/) (55)

used in Equation (47), for % < % < %, is accurate enough to obtain an upper bound
for the base thrust coefficient. . a

The DemoP1 base thrust coefficient reaches higher values in the over-expansion
conditions than the under-expansion ones. This is in disagreement with Onofri, who,
in [57], claims that the base delivers positive thrust in under-expansion conditions and
a neutral or slightly negative contribution in over-expansion. This discrepancy is due to
two aspects. The first one is the low aspect ratio of DemoP1, which reduces the slope of
the thrust coefficient with respect % in under-expansion conditions. The second aspect
is related to the limits of the theor;cshown in this section. It is not able to predict the
losses related to the flow detachment at the spike end. Therefore, it will never predict a
negative thrust.

https:/ /doi.org/10.3390/aerospace13010012


https://doi.org/10.3390/aerospace13010012

Aerospace 2026, 13,12 26 of 46

NPR [-]
NPRuNPRs 1000 6.67 5.00 4.00 3.33
1 7 T T T T
..... L NPR L, c,
“ = = = Term related to velocity variation
0.10 = v Term related to pressure i 50
\ |
L] 1 . gl‘.base ’
\
005 . ]
" .
—_ ° L] . . —
| . ] -
— ) ® o
Ny - . - z
Uk 0.00 1-50 &
L]
° .
—0.05 - . =100
L] ° )
L) . L]
—0.10 |- 1_15.0
[ 1| | | [ R

|
0.00 0.05 0.10 0.15 0.20 0.25 0.30
o/ Pocc 11

Figure 24. Base thrust coefficient components and flow velocity inclination along the segment BW.
The lines represent the theoretical data, while the dots correspond to their respective simulations.

5.4. Spike
Pressure Distribution

Figure 25 shows the pressure distribution over the spike at different nozzle pressure
ratios, highlighting with a triangular mark the theoretical point at which the Prandtl-Meyer
expansion ends. In Figure 25, the coloured band represents the range of one standard
deviation above and below the mean pressure (the standard deviation is very small; hence
only for certain NPR values is it visible in Figure 25). It has been evaluated between 60 ms
and 70ms. s,, and sy are, respectively, the curvilinear coordinate of the throat section and
the one of the base, which starts from point B. The light grey dash-dotted line represents the
theoretical isentropic pressure distribution up to the corresponding ambient pressure. Close
to s,;,, the pressure decreases and then increases due to the phenomenon related to the shape
of the sonic line in the throat section, as explained by Fadigati in [33]. This phenomenon,
which leads to a lower pressure at the beginning of the spike, explains why, for low nozzle
pressure ratios, the portion of wall covered by the Prandtl-Meyer expansion delivers less
thrust than the theoretical one. In agreement with the results shown by Fadigati in [33],
in every simulation, after the pressure peak near the throat section, the pressure distribution
over the spike is higher than the theoretical one due to the expansion delay introduced by
the fillet JL [33], shown in Figure 3. Figure 26 shows the relative pressure distribution over
the spike, defined as p — p,, ,—this representation better highlights that the expansion
fan always ends at a pressure slightly higher than ambient: also in this case the triangular
marks indicate the theoretical end of the Prandtl-Meyer expansion. After the Prandtl-
Meyer expansion, the pressure increases again due to a small flow detachment already
explained by Fadigati in [33]. The flow separation is followed by an oblique shock, visible
in Figures 4 and 5, which deviates the flow, increasing its pressure. After the compression
wave the pressure slightly rises linearly with the coordinate s. For the simulations with
NPR < 6.43, the oblique shock reflection reaches the spike wall, while, in the other cases, it
spreads beyond the spike. This effect is visible in Figure 26 because the pressure quickly
drops before the end of the spike (sg).

Decreasing the ambient pressure, the Prandtl-Meyer expansion end moves towards
the final portion of the spike. For NPR = 16.32, it reaches point B. For higher nozzle
pressure ratios, the pressure distribution over the spike is constant. Therefore, the optimal
expansion condition cannot be achieved over the spike itself.
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Figure 25. Pressure distribution over the spike and the base compared with the isentropic results
obtained by combining Angelino’s theory and the isentropic nozzle theory. The triangular marks
highlight the theoretical point at which the Prandtl-Meyer expansion ends.

Figure 26. Relative pressure distribution over the spike and the base compared with the isentropic
results obtained by combining Angelino’s theory and the isentropic nozzle theory. The triangular
marks highlight the theoretical point at which the Prandtl-Meyer expansion ends.
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5.5. Base
5.5.1. Pressure Distribution

Figure 27 shows the pressure distribution along the base normalized by its ambient
value. In each simulation, after the spike end, the pressure drops and remains almost
constant down to r = 10 mm. Below this threshold, it increases, reaching a value higher
than ambient near the engine axis. For NPR higher than 31.76, the aerospike loses its
adaptability feature. Therefore, the pressure at the base cannot reach the ambient value
anymore, becoming much higher. The pressure distribution shown in Figure 27 has a
similar trend to that reported by Chutkey in [59] (Figure 13).

M 7|
\ ~
20 - =
—— NPR=321 —— NPR=15.00
—— NPR=375 —— NPR=16.32
NPR=450 - - - NPR=2250
—— NPR=562 --- NPR=3176
15 - —— NPR=643 NPR = 44.41
NPR=750 - -~ NPR=60.00
e —— NPR=9.00 - -~ NPR=90.00
g NPR=11.25
~ 10} -
5 i D . |
S RS .
\I \\
A AY
1 »
| - A} s~
0 | | | | | | |
1 2 3 4 5 6 7
p/P,;, [kPa]

Figure 27. Radial distribution of the ratio between the pressure at the aerospike base and the
ambient pressure.

5.5.2. Recirculating Bubble

Figures 12-15 highlight the presence of a recirculation bubble in front of the aerospike
base. Its length can be estimated using the studies performed by Chang and Herrin
in [60,61] on the axisymmetric supersonic backward-facing step. They concluded that
for a flow with a Mach number higher than 2, the length of the recirculating bubble is
L., = 2.65rg, where ry is the radial coordinate of the point B. Using the isentropic nozzle
theory, this condition is met for NPR > 7.54. In [56], Onofri corrected this formula with the
wall slope at point B:

1y = (265 - 0.0014453 ) (56)

where 65 is the wall slope at the spike end. Figure 28 compares the average length of
the recirculation bubble obtained from the simulation with the one predicted using the
two previous models: the error bars represent the minimum and maximum bubble lengths
during the post-processing time interval. [, is calculated as the length of the segment AA”.
In under-expansion conditions, the two models are close to the recirculating bubble length
obtained from the simulations, but they cannot explain the decreasing trend for increasing
NPR. The length of the recirculating bubble is driven by two phenomena. As shown in
Figure 26, at each nozzle pressure ratio, the pressure at point B is equal to or slightly higher
than ambient. Therefore, the flow at the spike end further expands, turning towards the
base. After this expansion, its direction could be evaluated as follows:
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. I;‘“”” < Z“mb the flow is confined close to the spike wall. Hence, an average pressure
0,cc 0,cc

value along the segment BW could be evaluated as

1ty = o PO DR D050
B = e ol (ul ) ) dS
 Jsy 20 Dplu D (u(x ) -

1i(t)

i) dS

(57)
i) ds

where 7i1(t) is the instantaneous mass flow rate. Point W always lies above the shear
layer. .., is used to evaluate an average Mach number

~ _ 2 pO,cc 7771
Mgy (t) = po [(’%M”) - 1} (58)

The new average flow direction could be evaluated by applying the Prandlt-Meyer

expansion theory and then averaging over the time,
A 1 tb ~ ~
B, = [ {Bow(t) — [v(M,) — v(yy(1))] } e (59)
Atpp Jt,

where 0, is the flow direction after the expansion while gy is calculated using
Equations (51) and (52).

o P> Pam, : only the flow close to the aerospike has an influence on the bubble length.

Po,cc 0,cc
Therefore, the procedure is similar to the one presented before, but g and Opw are

substituted with the pressure at point B and 65, where the latter is the slope of the

Mg(t) = L[(;;(ﬂ) 7 _1] (60)

spike at point B itself.

{B [v(M,) —v(Mg(t))]} dt (61)

o
A’fpp fa

In both cases, M, is the Mach number at the exit section, and according to Equation (46)

E
v
_ 2 pO,cc
M. = 7—1 (max ort ) ! (©2
Pamp Pamb

Figure 28 shows also the estimated fj,, which changes in agreement with the recirculation

bubble length: when it has a low value, the recirculating bubble is short, while, in the
opposite case, it is elongated. Hence, there is a correlation between these two parameters.
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Figure 28. Dimensionless average recirculating bubble length compared with the models shown
in [56,60]. The error bars represent the minimum and maximum bubble lengths. The violet line
represents the estimated flow direction after the expansion beyond the spike end.

The recirculating bubble length is also driven by the shock wave generated by the
reflection of the expansion after point B. When it reaches the inner shear layer like in
Figure 29, a Shock Wave-Boundary Layer Interaction (SWBLI) occurs. The adverse pressure
gradient induced by the shock wave increases the recirculation bubble length. In the
opposite case, shown in Figure 30, the shock wave reaches the engine axis far away from
the reattachment region of the flow, and the recirculating bubble length is not affected by it.

llull; [m/s]

(=]

500 1000 1500 2000

Figure 29. Velocity magnitude field, extracted at ¢ = 65ms, of the DemoP1 simulation with
NPR =5.62, p,.,/ Po,cc = 0-178.
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Figure 30. Velocity magnitude field, extracted at ¢ = 65ms, of the DemoP1 simulation with
NPR = 7.50, P/ Pocc = 0-133.
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5.5.3. Open- and Closed-Wake Conditions

According to the definition given by Onofri in [57], the presence of an open-wake
structure corresponds to a base pressure dependency on the ambient one, while, in the case
of the closed-wake regime, such dependency does not manifest. Looking at Figure 25,
it is clear that the transition between these two wake structures happens for an NPR
value included between 16.32 (NPRg) and 22.50. According to Nasuti and Onofri [56,57],
the wake transition occurs when the last characteristic line generated by the Prandtl-Meyer
expansion reaches the reattachment point (A”), located after the recirculating bubble in
front of the aerospike base. Using the equations shown by Nasuti and Onofri in [56,57], it is
possible to evaluate the slope of this last characteristic line and evaluate the transition nozzle
pressure ratio: NPR,, = 17.14, which falls in the previously estimated range. The average
length of the recirculating bubble, used in the previous calculation, has been computed
among the simulations with NPR > NPRg. Figure 31 shows the average pressure at the
base obtained using the following equation:

~ o fsbase Ebase as
Prase = f s ds

base

(63)

From this plot, since the average base pressure is almost constant and independent of
the ambient one, it is clear that the aerospike is working in the closed-wake condition for
NPR > 22.50. Instead, for nozzle pressure ratios lower than 22.50, the average base pressure
rises with the ambient one. Therefore, the engine is working in an open-wake condition.
In addition, this plot confirms that the actual transition happens in the nozzle pressure
ratio range that goes from 16.32 up to 22.50. Differently from the results shown by Onofri
in [57], the average base pressure does not grow monotonically as the ambient pressure
increases, but for 9.00 < NPR < 22.50 it grows faster. This phenomenon is related to the
base thrust coefficient oscillation described in Section 5.3.3.

In closed-wake conditions, the base pressure can be estimated using two empirical
relations (Equations (64) and (65)) introduced by Fick in [62]. They have been obtained in
a cold-flow scenario, but the respective results are very close to those of the simulations
performed in this context.

0.35
0.906
Poase = PB [0025 + _1] = 0.22MPa (64)
1+ 2512
N (2)3-1 005 0967
Phose = P09 41 T+ Mg (65)

= 0.24 MPa

where pg and My are, respectively, the pressure and the Mach number evaluated at the
spike end using the isentropic nozzle theory.
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Figure 31. Average pressure distribution at the aerospike base for different nozzle pressure ratios.

6. Flow Separation at the Fillet

After the throat section, the flow expands according to the Prandtl-Meyer expansion.
The overall turning angle from throat section is

Aeamb = Gamb - 6th - V(Mamb) (66)

where 6 . and 0,, are, respectively, the flow inclination with respect to the engine axis at the
end of the Prandtl-Meyer expansion and at the throat section. M, is the Mach number at
the end of the Prandtl-Meyer expansion, and it can be evaluated using Equation (67).

y—1

2 ( Po,cc ) T
M, = | —— |2 ~1 (67)
amb v — 1 pamb

M,,,;, is used instead of M, because, in the most general case, the flow continues to expand
until it reaches the ambient pressure independently on pzsz. Apparently, for p, . < p%fb,
the expansion will continue beyond the spike end. The dependency of Af_, , on the ambient
pressure implies that the flow separates from the fillet at different points depending on the
ambient conditions. The location of the separation point can be calculated by finding the
curvilinear coordinate, along the fillet wall, for which the projection of the wall shear stress

along the wall tangent direction becomes zero.

w(8) = fig (5)2,(s) - Ey (5) (68)

|~

where s is a curvilinear coordinate following the fillet wall starting from point ]
(s, = s; = 0) up to point L (s, = 1), T,, is defined as the projection of the wall shear
stress along the wall tangent direction, fi,,, t,, are, respectively, the unit vector normal and
tangent to the fillet, and %, is the shear stress tensor evaluated at the wall and averaged
in the time intervals t, and t,: t, = 60ms and t, = 70 ms. Figure 32 shows the wall shear
stress along the fillet wall, highlighting the separation point with a square mark. The upper
picture displays a magnification of the fillet, pointing out the location of the separation
point. Increasing NPR, the expansion fan turns the flow more, making it follow the fillet
wall more; hence the flow separation is delayed along the wall, as is shown in the small
picture in Figure 32. 1,, has a similar distribution at every NPR. It rises almost linearly
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after s,, because the bulk velocity of the flow increases due to the expansion. After its
maximum value it starts to decrease linearly, and then it drops quickly before the flow
separation point. After this, it becomes almost zero because outside the engine plume the
gas is almost stationary.

=
Sin =5y L
12.0 FT o ; : :
AN —— NPR=321 —— NPR=15.00
—— NPR=3.75 NPR = 16.32
NPR=4.50 --- NPR=22.50
10.0 - ——NPR=562 ~--- NPR=31.76 ||
—— NPR=6.43 NPR = 44.41
NPR=7.50 --- NPR=60.00
8.0 - —— NPR=9.00 --- NPR=90.00 [|
NPR=11.25

£ 60 -
=)
o

40| :

201 :

0.0 :

| | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

s [-]

Figure 32. Wall shear stress distribution along the fillet. The squared marks highlight the location of
the separation point. The upper frame highlights the region around the fillet wall.

7. Conclusions

The results presented prove that DemoP1 has a specific impulse that grows like the
one of an isentropic plug nozzle. Nonetheless, featuring a lower mass flow rate due to
losses related to viscosity (i.e., the boundary layer) and two-dimensional flow, it delivers
less thrust. For ambient pressure values below pzsz, the flow expands beyond the aerospike
length, and the engine behaviour becomes equivalent to that of a bell-shaped nozzle with
the same exit section area. In over-expansion conditions, though, the aerospike nozzle can
achieve greater thrust and specific impulse. Because the expansion is delayed by the nozzle
fillet, the spike sees a higher pressure than the one predicted by the Prandtl-Meyer theory.
Within the ambient pressure range for which the reflection of the oblique shock wave
located at the end of the Prandtl-Meyer expansion goes beyond the spike end, the pressure
grows almost linearly after the shock itself. Downstream of point B, on the external part of
the base, the pressure drops because the flow expands toward the base itself.

Over a wide range of nozzle pressure ratios, the flow separates over the spike due to
SWBLI, generated by an incident shock wave. The theory presented in this work provides
results that are close to those coming from the simulations. The highest errors occur at the
fillet, which delivers a negative thrust contribution due to the non-pointwise expansion,
and at the base due to the error in the estimation of the flow direction at the end of the spike.
Despite that, the predicted thrust coefficient of the base, computed at different ambient
pressure values, can be used as an upper bound evaluation. In over-expansion conditions,
the base thrust oscillates with varying ambient pressures. These oscillations are related to
the flow direction at the spike end. The transition nozzle pressure ratio has been estimated
in the range 16.32 < NPR < 22.50, which also contains the transition value predicted using
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the method proposed by Onofri in [57]. The drag due to wall shear stress reduces the
thrust coefficient by about —0.75% on average, while the difference between the theoretical
pressure distribution and the one obtained from the simulation is responsible for a thrust
coefficient reduction of about —2.04%.

Depending on the NPR, the flow is able to delay the separation point over the fillet,
which acts like a divergent section.

Author Contributions: Conceptualization, L.F. and N.S.; methodology, L.E; software, L.F. and M.D.G.;
validation, M.D.G. and E.S.; formal analysis, L.F.; investigation, M.D.G. and L.F,; resources, F.P.; data
curation, E.S., ER. and EP.; writing—original draft preparation, L.F,; writing—review and editing,
L.E; visualization, L.F,; supervision, E.S., ER. and FP; project administration, EP. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: Authors Ernesto Sozio and Federico Rossi were employed by the company
Pangea Aerospace. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

NASA National Aeronautics and Space Administration
CEA Chemical Equilibrium with Applications
SST Shear Stress Transport
HLLC Harten, Lax, van Leer, Contact
OpenFOAM  Open Field Operation And Manipulation
SSTO Single Stage To Orbit
SWBLI Shock Wave-Boundary Layer Interaction
DLR Deutsches Zentrum fiir Luft- und Raumfahrt
NPR Nozzle pressure ratio, -
k Turbulent kinetic energy, m?/s?
Specific dissipation rate, s~
p Static pressure, Pa
Po Total pressure, Pa
T Static temperature, K
Ty Total temperature, K
o Specific heat capacity at constant pressure, J/ (kg K)
% Heat capacity ratio, -
M Molar mass, g/mol
1Y Flow density, kg/m?
Cq Speed of sound, m/s
i Dynamic viscosity, kg/(ms)
Pr Prandt]l number, -
At Simulation time step, s
Aty, Post-processing time interval, s
ta, b Post-processing time interval extreme value, s
r Radial coordinate, m
X Position vector, m
t Time, s
d, Aerospike exit section diameter, m
d, Distance of the vertical farfield from the throat section, m
d, Distance between the outlet and the throat section, m
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Distance of the horizontal farfield from the engine axis, m

Aerospike external wall radius, m
Aerospike exit section radius, m
Mach number, -

Mach angle, rad

Effective area, m?

Geometrical area, m?

Safety factor for Ay, area estimation, -
Velocity vector, m/s

Velocity module, m/s

Turbulence intensity, -

Turbulence length scale, m

Engine length scale, m

k-w SST parameter, -

Hydraulic diameter m

Reynolds number, -

Perimeter, m

Distance from the boundary to the actual farfield region at which the

pressure should be p,,, m

Pressure at [ inf distance from the boundary, Pa
Advection speed, m/s

External flow speed, m/s

Number of cells in the mesh, -

Execution time, s

Execution time in percentage with respect the one required by the finest mesh, -

Thrust calculated from the j-th mesh, N

Percentage variation in thrust compared to that calculated from the finest mesh, -

Percentage variation in pressure distribution compared to that calculated from

the finest mesh, -

Mass flow rate difference with respect to the theoretical case, kg/s

Standard deviation of the mass flow rate, kg/s
Discharge coefficient, -

Aspect ratio, -

Mass flow rate, kg/s

Specific gas constant, J/ (kg K)

Thrust coefficient, -

Thrust, N

Unit normal vector, -

Thrust delivered by the surface j, N

j-th surface

Identity matrix, -

Shear stress tensor, Pa

Angle between flow velocity and engine axis, rad
Estimated flow angle after the spike end, rad
Flow direction change, rad

Averaged momentum variation through the line BW, N
Wall slope, rad

Thrust coefficient delivered by the surface j, -

Ratio between the aerospike base radius and the exit section radius, -

Unit vector parallel to the engine axis, -

Unit vector parallel to the radial direction, -
Unit vector tangent to the wall, -

Wall shear stress projected along the wall, Pa
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A6 Angle through which a flow turns due to Prandtl-Meyer expansion, rad
cc Combustion chamber
wss Wall shear stress
inlet Inlet
base Base
th Throat section
w Engine wall
Farfield
0 Outlet
e Engine exit section
ea Engine axis
amb Ambient condition
sl Sea level

Every underlined symbol refers to a simulation result
opt Design condition

Time average value of variable -

Spatial average value of variable -

Appendix A. Mesh Convergence Analysis

A mesh convergence analysis has been performed to select a grid that allows us to
achieve good results without requiring excessive computational time. The case used for
this analysis features p, , = 1.01325 x 10° Pa. The five tested meshes are listed in Table A1l:
the coarsest one (A) has about 26k cells while the finest one (E) counts about 125k cells.
The finer meshes have been obtained by refining the coarsest one in the region close to
the spike and in the plume. Near the outlet and the farfields, the mesh is kept almost the
same. Every simulation has been run with a At low enough to keep the maximum Courant
number below 0.08. Particular attention has been paid to the steady-state results. The latter,
discussed in the next sections, will be averaged between t = 60 ms and t = 70 ms, but it is
too demanding to run the finest mesh simulation up to t = 70 ms. Therefore, the runs for
the mesh convergence analysis have been stopped at t = 48 ms, averaging the results in the
last 3ms. The thrust reported in Figure A1 has been obtained, neglecting the wall shear
stress. The error bars represent the standard deviation of the thrust evaluated between
45ms and 48 ms. Increasing the number of cells, the thrust converges to 21.45 kN, but its
standard deviation also increases a little, meaning that the results oscillate more in time.
Figure A2 shows the mean value of the wall shear stress averaged over the same time range.
The two coarser meshes have been discarded because the boundary layer refinement is
too low to output a reliable wall shear stress value. The drag due to the wall shear stress
decreases with an increase in the number of cells in the mesh.

Table A1l summarizes the mesh convergence analysis. The thrust error has been
evaluated with respect to the finest mesh outcomes using the following formula:

e = o j € [A,B,C,D,E] (A1)

where F/ is the thrust shown in Figure A1, which does not contain the wall shear stress
contribution. The computational times reported in Table Al and Figure A3 have been
evaluated by running the simulations on 16 cores of a workstation with a Xeon W-3365.
The choice to use 16 cores was made according to the speedup plot shown in [33] and
Figure A7. In Figure A3, the solid blue line is the cubic fitting of the computational time:
the cubic coefficient is quite small, but due to the huge values of x, it becomes the most
dominant term. Hence, for fixed Co,,,, and a simulated time interval, the asymptotic
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computational complexity is O (N c3el ;s)- The execution time percentage, shown in Table A1,

has been evaluated with respect to the most expensive simulation.

F [kN]

X, j€[A,B,CD,E]

. tE _ 4
j  _ zexe
Eexe +E
Lexe
21.50 [ ‘ E—
0.21% 0.18%
2148 - *
0.19%
21.46 - *
2144 — | |
0.11%
21.42 - *
2140 -0 11% a
21.38 -
21.36 - -
—e— Thrust without shear stress contribution
2134 I i i i i B
20,000 40,000 60,000 80,000 100,000 120,000
Ny, -]

cells

(A2)

Figure Al. Average thrust calculated without shear stress using the results obtained by different
meshes. The error bars represent the thrust standard deviation evaluated within 45ms < t < 48 ms.

The percentage values represent the standard deviation as a percentage of the corresponding mean.
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F
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I I I I I I
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-]
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Figure A2. Average shear stress contribution to thrust. The averaging interval is 45ms < t < 48 ms.

Table Al. Results of the mesh convergence analysis. The execution time has been evaluated by

running the simulations on 16 cores of a workstation with a Xeon W-3365.

Mesh N, [-] Lo, [h] P, (% F/ [kN] ep [%]
A 26,184 34.60 717 21.37 0.361
B 40,157 47.92 9.92 21.40 0.202
C 70,597 116.97 24.22 21.42 0.105
D 93,651 227.49 47.11 21.44 0.027
E 124,670 482.92 100.00 21.45 0.000
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Figure A3. Simulation execution times evaluated by running the simulations on 16 cores of a
workstation with a Xeon W-3365. The solid blue line is a cubic polynomial fitting.

Table A2 reports the y* values of the simulation with the C mesh. y . and y},, are,
respectively, the minimum and maximum values on the corresponding wall surface evalu-
ated for 45ms < t < 48 ms, while y;;g is the average value on the corresponding surface in
the same time interval. Since it holds that y;},,, < 100 for every surface, the selected wall
functions can be used as boundary conditions for k and w. Due to the mesh refinement
level near the walls, the cells close to them have a size comparable to the viscous sub layer.

Table A2. Minimum, maximum, and average y+ value on every DemoP1 surface obtained with
mesh C.

Surface Name gjﬂ‘in y:;ax y:‘vg
Combustion chamber 1.67 x 10~% 0.857 0.128
Converging nozzle 1.44 x 1074 3.66 3.06
Diverging nozzle 5.00 x 10~ 1.79 0.398
Spike 1.31 x 1073 3.38 1.35
Base 4.00 x 10 1.17 x 1073 293 x10°*
Vertical external wall 2.30 x 107° 237 x 1074 1.05 x 1074
Horizontal external wall 1.75 x 10~* 241 x 1074 1.86 x 1074
External wall extension 1.79 x 10~* 1.83 x 1074 1.81 x 1074

Figures A4 and A5 show, respectively, the pressure distribution along the spike and
the absolute value of the pressure error ¢, evaluated with respect to the finest mesh solution.
Both figures feature the curvilinear coordinate defined in Section 4.1 on the horizontal axis
of the plots.

e, = ‘Bj_BE’ j€[AB,CD] (A3)

The four pressure distributions obtained by meshes A, B, C, and D show similar behaviours
from s, up to s = 0.75. The errors related to meshes C and D rise and remain constant
between s = 0.75 and the end of the spike (sg). Then these pressure errors increase slightly
at the DemoP1 base. The errors related to meshes A and B are lower than the ones of meshes
C and D close to the end of the spike, but they increase significantly at the aerospike base.
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Figure A4. Pressure distribution along the spike and the base obtained using different meshes.
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Figure A5. Pressure error obtained using different meshes. The results obtained from the associated
simulation with the finest mesh are taken as the reference.

In conclusion, Figure A1l clearly shows convergence of the thrust value, but this is
not the case for the wall shear stress contribution. Nevertheless, its influence is bounded
between —0.27 kN and 0.0kN. The overall uncertainty, calculated as the highest thrust
variation between the three finest meshes, is about 0.13 kN, which is 0.62% of the thrust
evaluated in case E. Since the execution time increases cubically with the number of
cells, mesh C has been chosen as a suitable compromise between result accuracy and
computational cost. In addition, this mesh also satisfies the constraint on y*. Mesh D
would be a little more accurate, but it requires too much computational time. According
to the speedup shown in [33] and Figures A6 and A7, the computational time can be
reduced by increasing the number of cores but entails a waste of computational power.
Therefore, the employment of 16 cores has been considered a suitable compromise for the
following simulations.
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Figure A6. Simulation speedup on GALILEO 100 [63].
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Figure A7. Simulation speedup on AMD EPYC 7B13 and Xeon W-3365.

Appendix B. Turbulent Intensity and Length Scale
Appendix B.1. Empirical Turbulence Intensity Law

The momentum balance equation on a generic cross-section straight pipe is the following:
(p+Ap)A-pA=T, gpipe Lpipe (A4)

where p is the pressure, A is the pipe cross-section area, ;. is the cross-section perimeter,

Lpipe 18 the pipe length, and T, is the shear stress at the wall. This equation could be
rewritten introducing the hydraulic diameter: D;; = gfm .
pipe pipe
D
A pipe
Apgi = Tw Lplp(f — Ap = Tw Lplp@ (AS)
pipe
In [64] (p. 232), the friction factor for a generic pipe is defined as
Ap
N (A6)
i
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where U, is the bulk channel velocity and p is the flow density. Therefore, it becomes

T
A —8_ W
rive = oLz

and T, can be rewritten in terms of friction velocity u..

2 ", A

— 012 _ gl — pipe
Ty = pUz — Apipe = 8u7r2n - um = T
The turbulence intensity is defined as
%(u’ + 0 +w')
I =
U

(A7)

(A8)

(A9)

where 1/, v/, and w’ are the root-mean-square velocity fluctuations along the three ortho-
gonal directions. Close to the pipe centre, 1 can be correlated with u/, v/, and w’, as shown

in [65] (p. 163).

Combining the previous equations,

1.7 / /
po VWU | sl _ gy tee
Uy “u, "\ 8

For the Blasius correlation [66],

A

~ -1/4
pipe = 0.3164 Rep!

Therefore
[20.16Rep'/8
H

Cpi pe

Figure A8. Sketch of pipe with generic cross-section.

Appendix B.2. Turbulence Length Scale in Pipes

(A10)

(A11)

(A12)

(A13)

The turbulent length scale in the fully developed two-dimensional pipe scenario has
been evaluated according to the Nikuradses formula used in [54] (ch. 3.7.1), [67] (p. 44)

and [68] (ch. 2.5): | 2 4
£ =014-008(1— ) —006(1- 1)

(Al14)
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where [, is the turbulence length scale, H is half of the pipe height, y is the spanwise
direction coordinate, and the origin is located on one wall of the channel. The maximum
value of lﬁf = 0.14 and, therefore, the maximum turbulent length scale with respect to the

pipe height is ZI—fH = 0.07.

Appendix B.3. Turbulence Length Scale for Wake Flow

The turbulent scale for a wake flow is described in [54] (ch. 3.7.1) with the follow-
ing equation:

H
l, = 0.16%’“ = 0.08H (A15)

wake

where ; is the turbulence length scale and H_ , , is the wake width.

wake

Appendix C. Ideal Plug Nozzle

The ideal plug nozzle is an ideal rocket engine in which the gas expands to the ambient
pressure following an isentropic expansion. Hence, its thrust coefficient at different nozzle
pressure ratios can be evaluated using the isentropic nozzle theory. Differently from a
bell-shaped nozzle, this engine works in optimal expansion conditions for a wide range of
nozzle pressure ratios. When the NPR < NPR,;, the gas reaches the ambient pressure at
the engine exit section, while for NPR > NPR,,;, the gas expands beyond the engine exit
section; hence the engine loses the adaptability feature, behaving like a bell-shape nozzle,
with the same aspect ratio, in under-expansion conditions. The thrust coefficient can be
calculated using Equation (A16).

¥—1

r=119

41 [ - opt
272 < 2 ) - 1_ (pamb> ! Pamb > Pamb
Y +1 P 0,cc P 0,cc N pO,CC

<

(A16)

<

41 opt \ " opt opt

272 ( 2 ) - 1_<pamb> ! +<pamb_pamb>€ Pamp <pumb
e

y—1\r+1 Po,cc Po,cc Po,cc Po,cc Po,cc

where 7 is the heat capacity ratio of the gas, €, is the engine aspect ratio, p,,,,, is the ambient
pressure, p, .. is the total pressure in the combustion chamber, and pgﬁfb is the ambient
pressure for which an equivalent bell-shape nozzle works in optimal expansion conditions.
This pressure can be evaluated by solving Equation (A17) for M,, the Mach number at the
engine exit section, and then using Equation (A18).

+1

=

1| [1+252m2 ]
opt o
-1 e
Pamp _ [1+ T M?} ! (A18)
pO,cc 2

The hypothesis that this engine loses the ability to adapt the expansion for ambient pressure
lower than PZZ:b is in disagreement with [5] (p. 84), in which it is supported that this engine
is able to work near the optimal performance at every altitude. Nevertheless, this argument
is supported by the simulation results presented in this work.
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Appendix D. Flow Inclination at the End of Prandlt-Meyer Expansion

Figure A9 shows a section of an annular aerospike engine obtained using Angelino’s
method [40]. The spike of DemoP1 is obtained by setting rz = 0m; then the spike is cut
at 62% of the original spike length. The line JC' represents the throat section. The angle
between the velocity vector u and the engine axis is , which is positive when u is pointing
away from the engine axis.

6=2-¢ (A19)

where ¢ is the angle between the engine axis and the line JB'. It is positive when rp, < 1 G
is the Mach angle:

1
= in{ — A2

¢ arcsm<M> (A20)
According to [40],

¢ =v(M,) —v(M) + (M) (A21)

[y +1 Y10 _ 2 _
v(M) = ,Y_larctan< 7+1(M 1) arctan \/m (A22)

where v is the Prandtl-Meyer function defined in Equation (A22).
0(M) = v(M) — v(M,) (423)

Hence, the inclination of the flow at the end of the Prandtl-Meyer expansion is

Py p e
O = v(My) —v(M,), “amb < Tamb < Zamb (A24)
pO,cc P 0,cc % 0,cc

where M, can be calculated using Equation (21), while My, can be obtained using
Equation (A25).

1 B
MB’ — 2 (pOICC) T 1], Pambp < Pambp < pgiﬂb (A25)
7—1 Pamb pO,cc pO,cc pO,cc

The angle By, is given by the following equation:
T T
ﬁ]B’ = E - 4)]]3/ = E — V(Me> + V(MB/) - (;’(MB/) (A26)

B cr
for % < % < % B is positive when 1 is pointing away from the engine axis.
0,cc 0,cc 0,cc

Figure A9. Annular aerospike scheme [40].
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