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ARTICLE INFO ABSTRACT

Keywords: One of the most difficult aspects to solve, in the development of an aerospike engine, is the cooling of the throat
Aerospace propulsion and base regions. This issue is addressed nowadays by relying on new capabilities offered by additive
Aerospike

manufacturing techniques together with novel powder materials, that allow to design complex shapes while
keeping the prototyping cost low. The following work shows the design and manufacturing process of DemoP1,
an aerospike engine demonstrator developed by Pangea Aerospace, that applies the new capabilities offered by
additive manufacturing. To validate the development, the engine has been tested at the P8.2 test stand of the
Germany Space Agency (Deutsches Zentrum fiir Luft-und Raumfahrt, DLR) in Lampoldshausen. Finally, a nu-
merical strategy has been implemented and validated to simulate the engine flowfield, therefore obtaining
relevant information that would be impractical to measure during tests, such as the pressure distribution along
the plug and in the plume and the estimation of the heat flux on the throat and spike walls to be used to guide and
validate the design process.

Plug nozzles
Numerical simulations
Supersonic flows

without flow separation or normal shockwave, while at higher working
1. Introduction NPR, the absence of an external wall allows the flow to expand more,
again reaching ambient pressure at the nozzle exit section. Despite the

Currently, rocket engines use traditional bell-shaped nozzles, that superior performance, plug nozzles are very hard to cool down because
have a fixed area ratio and can therefore work at maximum efficiency the overall surface of thermal exchange is higher than in traditional
only at a given altitude, corresponding to their design Nozzle Pressure nozzles [_7:8]' Moreover,lthe thro.at section, featurir}g the h.ighest heat
Ratio (NPR). When the working NPR is lower than the design one flux [7], is also the one with the highest surface, leading to high thermal
stress. Finally, cooling the plug tip is also challenging because of the

(overexpansion), the exhaust gas is recompressed by the higher ambient
narrow space available to place cooling channels in that region [7]. The

pressure, and can even separate from the nozzle wall, leading to over-
heating issues. At high working NPR (underexpansion), the exhaust gas latter issue has been solved by introducing the aerospike geometry,
still expands beyond the nozzle exit section. In both operating condi- which is essentially a plug nozzle where the plug is truncated. The
tions, the bell nozzle loses performance, therefore operating sub- reduction of the plug surface reduces the thrust produced along the
optimally during most of the launcher flight. Many solutions have been spike, but at the same time results in a reduction in dimensions and
proposed to overcome standard nozzles drawbacks [1,2], none of which weight, eventually leading to a net gain in the thrust-to-weight ratio of
proved to be suitable for flight operation. the engine [9,10]. Also, this performance loss is partially recovered by

Plug nozzles have been first researched in the 50s [3-5] as a mean to the thrust produced at the base region, where the plug is truncated.
achieve higher performance over a larger altitude range. Unlike other Therefore, for the same expansion ratio, an aerospike is less efficient
concepts, these theoretically provide a continuous altitude adaptation than a bell nozzle at the design point, but its efficiency is retained also
because the flow is free to expand along the plug, as it is no longer further away from this point. Despite promising theoretical results, the

confined by solid boundaries [6,7]. Therefore, at working NPR lower manufacturing effort together with adverse funding circumstances set

than the design one, the flow expands until reaching ambient pressure an end to aerospike development programs.
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Nomenclature

a; = k-0 SST parameter [—]

C, = specific heat capacity at constant pressure [J/(kg K)]

Coamb = specific heat capacity at constant pressure at ambient
condition [J/(kg K)]

Com = specific heat capacity at constant pressure at throat
section [J/(kg K)]

Csamb = speed of sound at ambient condition [m/s]

Csinlet = speed of sound at inlet [m/s]

C, = specific heat capacity at constant volume [J/(kg K)]

C, = k-0 SST parameter [—]

COmax = maximum Courant number [—]

Ae, = non dimensional pressure error [—]

e = specific internal energy [J/kg]

er = percentage thrust difference [—]

F = convective flux vector

f = focal length [m]

T th = theoretical thrust [N]

he = nozzle exit height [m]

Isp = specific impulse [s]

k = turbulence kinetic energy [m2/s2]

Kinit = initial turbulence kinetic energy [m2/s2]

Kof = outlet and farfield turbulence kinetic energy [m2/s2]

L = plug length [m]

M = molar mass [kg/mol]

M amb = molar mass at ambient condition [kg/mol]

M h = molar mass at throat section [kg/mol]

Neells = mesh cells number [—]

Nps = number of pressure sensors in experiments [—]

p = pressure [Pa]

POinlet = inlet total pressure [Pa]

Pamb = ambient pressure [Pa]

Pth = throat section pressure [Pa]

Pr = Prandtl number [—]

Pri, = Prandtl number at throat section [—]

q = heat flux [W/m2]

R = specific gas constant [J/(kg K)]

R = generic source term [—]

s = non-dimensional curvilinear coordinate along aerospike
inner wall [—]

Sy = non-dimensional curvilinear coordinate at throat section
[-]

S = scalar measure of the strain rate tensor [s-1]

s = coordinate along the plug [m]

Sij = ij component of the strain rate tensor [s-1]

T = temperature [K]

t = time [s]

Tamb = ambient temperature [K]

Tee = combustion chamber temperature [K]

Tintet = inlet temperature [K]

Tor = outlet and farfield temperature [K]

T = throat section temperature [K]

U = vector of conserved variables [—]

u = flow velocity [m/s]

u; = i-th component of the velocity vector [m/s]

A% = diffusive flux vector [—]

X; = i-th Cartesian coordinate [m]

By = k-0 SST parameter [—]

By = k-0 SST parameter [—]

p* = k-0 SST parameter [—]

€ = turbulence kinetic energy dissipation rate [m2/s3]

Y = specific heat ratio [—]

Yamb = specific heat ratio at ambient conditions [—]

Yth = specific heat ratio at throat section [—]

n = dynamic viscosity [Pa s]

Hintet = dynamic viscosity at inlet [Pa s]

TS = dynamic viscosity at throat section [Pa s]

® = specific turbulence dissipation rate [s-1]

Winit = initial specific turbulence dissipation rate [s-1]

Do f = outlet and farfield specific turbulence dissipation rate [s-
1]

p = density [kg/s]

Pamb = ambient density [kg/s]

Pinlet = density at inlet [kg/s]

Gol = k-0 SST parameter [—]

Gw2 = k-0 SST parameter [—]

Okl = k-0 SST parameter [—]

Ok2 = k-0 SST parameter [—]

T = viscous stress tensor [Pa]

E = sum of specific internal and kinetic energies [J/kg]

Acronyms

BiCG BiConjugate Gradient

BiCGStab BiConjugate Gradient Stabilized

CAD Computer Aided Design

CEA Chemical Equilibrium with Applications

CNC Computerized Numerical Control

DILU Simplified Diagonal-based Incomplete LU preconditioner

DLR Deutsches Zentrum fiir Luft-und Raumfahrt

DMLS Direct Metal Laser Sintering

EBW Electron Beam Welding

FVM Finite Volume Method

HLLC Harten, Lax, Van Leer, Contact

ISCRA  Information Services Computer Resource Area

LOX Liquid OXygen

M-VLED Multi-Volume Laser Energy Density

NASA National Aeronautics and Space Administration

NPR Nozzle Pressure Ratio

OpenFOAM Open Source Field Operation and Manipulation

RANS Reynolds Averaged Navier-Stokes

SST Shear Stress Transport

Nowadays, additive manufacturing techniques sparked a new wave of
developments around the world because the geometrical complexity of
the engine can be addressed with economically-viable processes [11,12].

Few research groups are working on the aerospike technology. At the
Beijing University of Aeronautics and Astronautics, an optimization
method has been developed to design the aerospike contour in order to
maximize the total impulse from sea level to the design altitude [13]. A
thrust vectoring control system [14] and ceramic additive
manufacturing [15] have been studied at Technische Universitat of
Dresden. The researchers at Chungnam National University are working
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on an aerospike-shaped nozzle for a solid rocket motor [16]. Next-Aero
[17], in collaboration with Australian Monash University, has developed
an aerospike demonstrator built with the selective laser melting tech-
nique [18]. Pangea Aerospace [12,19], in collaboration with the com-
pany Aenium [20], is designing a propulsion system based on a low-cost,
additively manufactured, aerospike technology.

Simulating an aerospike is a really important task to drive the design
process, providing estimation of parameters that would be difficult to
measure before the manufacturing of the system, like for example the
heat flux through the walls of the throat and of the spike, or the flow
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Table 1
DemoP1 parameters.
Propellants LOX/LNG
Cycle pressure-fed
Nominal chamber pressure 45 bar
7 i (sea level) 20 kN
I 268 s
Mixture mass ratio 2.8
Expansion ratio 5
Dimensions 240 mm x 240 mm x 260 mm

igniters

injector plate

Shroud

Spike

Torch

Fig. 2. Schematic drawing of the igniter.

characteristics around the spike, and the performance contribution of
the base. Simulations are a real challenge because it is mandatory to
consider also the interaction between the plume and the external flow in
order to get accurate predictions. In Ref. [21] a linear plug nozzle has
been simulated comparing the results with experimental pressure mea-
surements along the plug and Schlieren photography of the plume.
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Similar validation has been performed in Ref. [22]. An aerospike with a
rotating detonation chamber has been designed in Ref. [23] and then
optimized using numerical simulations results and experiments [24] in
order to maximize the produced thrust. Other important aspects of
simulating a rocket engine is the combustion process modelling, as
shown in Refs. [25-27].

The first part of this work summarizes the design and manufacturing
process of DemoP1, an aerospike engine demonstrator developed by
Pangea Aerospace [12]. The second part focuses on the development
and validation of a numerical strategy targeted at the performance
prediction and the flow and heat exchange characteristics of the aero-
spike engine.

2. DemoP1

DemoP1 is a technological demonstrator developed by Pangea
Aerospace since the beginning of 2019 Q3. It is fed by Liquid OXygen
(LOX) and Liquid Natural Gas (LNG) with an Oxidizer to Fuel (O/F) mass
ratio of about 2.8. It has been designed to develop a thrust of 20 kN at sea
level with a specific impulse of 268 s, a nominal combustion chamber
pressure of 45 bar, and an expansion ratio of 5. The exit section diameter
is 142 mm while the plug length is 75 mm. The throat section is radially
located at 68 mm from the engine axis. In Table 1 the engine parameters
are briefly summarized.

DemoP1 is composed of four main parts shown in Fig. 1: plug,
shroud, injector plate, and igniters.

The spike contour has been designed relying on Angelino’s method
[3] and truncating the plug at 40 % of its length. This solution has been
chosen to improve the cooling of the last portion of the plug and to fit the
components inside the printer (an EOS M290 [28]) build plate. The
reduction of the spike surface only implies a small performance reduc-
tion because the thrust is partially recovered by the base region
contribution. The low expansion ratio yields an under-expanded plume
at sea level, a peculiar choice for a rocket engine. This expansion ratio
has been imposed to be able to fit the demonstrator inside the printer,
neglecting performance requirements. This is mainly due to the fact that
DemoPl is targeted at demonstrating the feasibility of mnovel
manufacturing techniques and the utilization of complex cooling sys-
tems involving both the fuel and oxidizer. Finally, DemoP1 aims at
demonstrating the feasibility of LOX/LNG with aerospike engines.

2.1. Regenerative cooling system

Differently from the bell nozzle, in the aerospike, the throat section is
located in the largest internal engine diameter making it more difficult
to cool down since a high heat flux is distributed over a large region [7].
Both the plug and the external housing have to be cooled down but the
amount of mass flow rate available is limited by the thrust requirement,
therefore DemoP1 adopts a novel dual regenerative cooling system, in
which the central plug is cooled by liquid oxygen while the external
housing is cooled by LNG.

The coolant in the plug flows from the aerospike base to the com-
bustion chamber in order to improve the cooling efficiency and to keep
the coolant at a low temperature when it passes through the cooling
channels at the throat section: the oxidizer enters in liquid state at the
plug base, then it becomes transcritical at the throat section and finally
becomes supercritical upon injection in the combustion chamber. The
plug cooling channels have been designed with a spiral shape to retain a
small cross-section, and therefore a high coolant velocity, where the
engine section becomes the largest: at the throat. In this way, cooling
efficiency is achieved only where it is more needed, thus minimizing
pressure losses. The shroud cooling system is composed of axial channels
fed by LNG flowing from the cowl lip to the injector head. Due to the
additive manufacturing process used to build DemoP1, the internal
roughness of the cooling channels is higher than in conventional milled
ones. This involves higher turbulence and consequently a high heat
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Thermal conductivity [W/(m K)]
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Fig. 3. Thermal conductivity of copper alloys.

Fig. 5. Plug with the welded cover: the dimensions are in mm.
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transfer. The fuel and the oxidizer gain enthalpy while cooling the en-
gine walls and are injected into the combustion chamber in a super-
critical, gas-like state. This improves mixing, therefore allowing to build
a shorter chamber while still retaining the same combustion efficiency.

2.2. Ignition system

The ignition system uses gaseous oxygen and gaseous hydrogen. The
igniters operate at a chamber pressure of 1 MPa and an O/F mass ratio of
40 inside the main chamber. At the end of the tube, the O/F ratio is
reduced to 6 to obtain a high-temperature torch. The temperature of the
igniter walls is kept low using a bypass system, therefore only part of the
fuel is injected in the igniter combustion chamber leading to low com-
bustion temperature. The majority of the fuel is deviated and meets the
incoming combustion products at the exit section of the igniter, where
main combustion is triggered with a flame temperature over 3000K. The
igniters are additively manufactured using Inconel 718 [29] because it
provides an excellent strength up to 1200K, allowing to avoid an active
cooling system. Fig. 2 shows a CAD drawing of the igniter.

2.3. Interfaces

DemoP1 has two main propellant inlets for the liquid oxygen and the
LNG. LOX enters through a downcomer that reaches the base of the plug,
before entering the cooling channels, while the LNG line is connected
through a radial boss on the shroud, just upstream of the cowl lip. Both
interfaces are equipped with National Pipe Threads (NPT) and sealed
with Polytetrafluoroethylene (PTFE) rated for cryogenic temperatures.
The demonstrator is composed of only two parts, the plug and the
shroud, that are assembled through the main engine bolted flange,
below the injector head. The igniters are also mounted via sealed flanges
on top of the injector head. All pressure and temperature sensors are
connected via NPT and British Standard Pipe Threads (BSPT), while the
accelerometers are installed on blind holes. Finally, the engine is
interfaced to the thrust mount via a structural flange located above the
injector head, and the thrust mount is fixed to the bench with 3 bolted
connections.

2.4. Manufacturing process

DemoP1 has been additively manufactured using the EOS M 290
machine [28] which is a 3D printer based on the Direct Metal Laser
Sintering (DMLS) technology. The combination of this technique with
the Multi-Volume Laser Energy Density (M-VLED) [30] allows for
building complex shapes and for dynamically controlling the laser en-
ergy density in order to tailor the local yield strength, elongation at
break, thermal conductivity, hardness, surface roughness, and residual
strength.

The structural material of the thrust chamber is GRCop-42, a copper
alloy (Cu-Cr-Nb) developed by the National Aeronautics and Space
Administration (NASA) for regeneratively-cooled combustion chambers
and nozzles [31,32]. This material has been chosen for its high strength
and high thermal conductivity, which are especially important to
manage the thermal loads developed by an aerospike engine. Fig. 3
shows the thermal conductivity of GRCop-42 compared with other
copper alloys and pure copper [33]. GRCop-42 features high thermal
conductivity also at high temperatures, almost like pure copper, while
its tensile strength is one order of magnitude higher. The material is also
resistant to blanching and oxidation, which is especially important when
using LOX as a coolant. The surface roughness level is very important,
especially for the cooling channels, and has been deeply characterized.
High roughness leads to a more efficient thermal exchange, but at the
same time also to a higher pressure loss through the circuit. Therefore,
the channels have to be carefully dimensioned to account for the high
roughness environment generated by the manufacturing technique.
Also, the part must be designed in order to be able to remove the powder
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Fig. 6. Machined shroud liner.

[ CAD geometry ]
-
[ Printed geometry ]
v
Cleaning of the component
from trapped powder

v

3D laser Scanning and
Computed Tomography

v

Machining of the plug
and shroud liner

v
Welding of the closing ring

v

Assembly the plug
with the shroud

™\

Fig. 7. Manufacturing process.

left after printing with a simple shaker and pressurized air. The cleaning
process is very important because if the internal cavities are not
perfectly cleared, the following heat treatments would sinter the resid-
ual powder, generating a partial or complete obstruction of the chan-
nels, leading to an unusable engine.

2.4.1. Shroud

Fig. 4 shows the printed shroud. It contains many small axial chan-
nels to cool down its internal wall. To remove the unused powder that
fills these channels, a dedicated system of ports and ducts has been
designed. The powder is removed by gravity, compressed air, and by a
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mechanical action, taking care of not providing any damage to the
component. This process has been repeated many times in combination
with inspection of all channels by means of a micro-fibrescope: due to
the size and shape of the channels, this is the only way to check their
clearance.

2.4.2. Plug

The plug is the most complex part of the engine (Fig. 5), as it is built
in one piece together with the injector head. The latter features small
manifolds and hundreds of injector elements, leading to a complex and
packed internal geometry that hinders powder removal. To ease the
process, the injector head has been printed with a circular opening to
easily remove the powder, which is then closed by a welded ring.

After the cleaning process, despite the high thermal conductivity and
high strength of GRCop-42, additional heat treatment has been neces-
sary to improve these two properties. The plug and the shroud have been
heat treated while still attached to the build plate to heal and release
residual stresses.

2.4.3. Liner machining

The liner inside the combustion chamber is fundamental to exchange
heat with the coolant fluid, therefore its actual thickness has to be
carefully dimensioned. The only way to ensure the required level of
accuracy is by machining since the additive manufacturing process
cannot achieve this high precision. In addition, the subsequent heat
treatment slightly modifies the final dimensions.

The cooling channels are inaccessible, therefore direct measure-
ments are not possible. Hence, 3D laser Scanning and Computed To-
mography have been used to determine the actual liner thickness. These
two methods allow to obtain the liner size and to calculate a path for the
CNC machine.

The chips and burrs produced by machining have been removed by
high-pressure air and ultrasonic cleaning. Fig. 6 shows the shroud liner
after machining.

2.4.4. Injector head

The injector head has been additively manufactured in one piece
with the plug. The powder removal opening has been closed using
Electron Beam Welding (EBW) [34]. This welding technique has been
selected due to its high-power density and small heat-affected zones,
that guarantee high-quality welded joints. Nevertheless, EBW is a very
expensive process and it can be used in a very limited range of thick-
nesses. The absence of filler metal implies that the edges of the two
components must be in contact without any separation. Welding is
performed in vacuum condition, therefore no additional gas is required
to protect the components from oxidation. After welding, the component
has been pressurized at 1.2 times the nominal pressure to detect any
possible leaks and verify the structural integrity of the joint.

2.4.5. Assembly

The plug and injector head are assembled with the shroud by means
of the bolted flange shown in Fig. 1. RACO® spring-energized polymer
seals [35] have been selected instead of metal o-rings, due to the low
strength and hardness of the GRCop-42 alloy.

2.4.6. Summary of the manufacturing process

Fig. 7 sums up the manufacturing process described before. First, the
geometry is drawn in a Computer-Aided Design (CAD) software, then it
is printed with the DMLS method. The parts are cleaned from the trap-
ped powder. Then, the plug and the shroud are inspected with 3D laser
Scanning and Computed Tomography generating the surfaces of actual
component in order to obtain a path for the CNC machine and to correct
the liner thickness. Finally, the closing ring is welded in place and the
plug is assembled with the shroud.
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Fig. 8. Experimental test setup.

(a)

(b)

Fig. 9. High-speed camera averaged image: trailing shock (solid line), trailing
shock reflection (dash-dotted line), shear layer (loosely dashed line), shock
wave (dashed line).

3. Experimental tests

DemoP1 has been tested at the P8.2 stand [36,37] of the Germany
Space Agency (DLR) in order to prove that it is capable of operating in
nominal working conditions for a time interval similar to the burning
time of a launcher’s first stage. Furthermore, the ignition system and the
cooling system have been tested to verify their capability to start com-
bustion and cool the engine wall. Finally, the last aim of the test was to
verify the reusability of the engine. Fig. 8 shows the experimental setup.
The engine inlet is connected with flexible hoses in order to compensate
for eventual thermal expansion and contraction. The demonstrator has
been sealed with a stainless-steel cap and then pressurized with helium
at 5 bar to check for any leakage. The first test consists of cold-flow
checks to measure the pressure drop along the cooling lines and deter-
mine the priming time of the engine cavities in order to accurately time
the startup procedure. The hot-fire tests allow to characterize the
startup, shutdown, and steady-state behaviors.

The facility has been equipped with a high-speed camera, Photron
Mini UX100, model 800k-M-1 [38] equipped with AF-S Nikkor f = 50
mm lens, capable of recording 8000 frames per second with a resolution
of 1280 x 392 pixels. Two Wika Model A-10 pressure sensors [39] are
connected through a cooling coil to the injector head, to measure the
combustion chamber pressure. The coils are long enough to avoid that
the hot gases reach the sensors. This solution does not allow capturing
high-frequency pressure variations, but it is suitable to measure the
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steady state total pressure in the combustion chamber. These two sen-
sors have a measurement accuracy lower than 0.06 bar.

The test considered in this paper is that in which DemoP1 works in a
steady state condition with a combustion chamber total pressure set to
40.5 bar: 90 % of the design combustion chamber total pressure. The
images captured by the high-speed camera have been aggregated to
obtain the averaged position of the flow features. Fig. 9a shows the
result of this image post-processing. No data can be obtained from the
region close to the spike because the image exposure is too high.
Nevertheless, the trailing shock (solid orange line in Fig. 9b) and its
reflection on the shear layer (dash-dotted orange line in Fig. 9b) are
visible. From this image, it is possible to extract also the flow shear layer
(loosely dashed orange line in Fig. 9b) and the shock which delimits a
high-temperature region (dashed orange line in Fig. 9b). These extracted
features are compared to the simulations results in Section 6.2.

4. Numerical methodology

In this section, a numerical strategy to simulate the engine described
in Section 2 is shown. It is based on the Favre averaged Navier-Stokes
[40] equations completed with the k- SST model. The equations have
been discretized and solved using dbnsTurbFoam, a solver included in
foam-extend [41]. Harten-Lax—van Leer Contact (HLLC) [42] is the nu-
merical scheme chosen to evaluate the fluxes between the mesh cells.
The flow thermodynamic properties have been obtained using Chemical
Equilibrium Applications (CEA), a code developed by NASA to calculate
the equilibrium chemical composition of reacting substances [43]. This
methodology is validated in Section 5 using the experimental data
shown in Ref. [44] and then it has been used to simulate DemoP1 in
Section 6.

4.1. Governing equations

The governing equations consist in the conservation of mass, mo-
mentum, and energy; respectively Equations (1)-(3).

op _

E+v.(pu)70 (€8]
@-&-Vo(pu@u):—Vp—Q—Vor 2
$+VO[(,0§+p)u]:VO(Tou)+V-q 3)

In the previous equations p is the flow density, u is the flow velocity, p is
the flow pressure, 7 is the flow stresses, q is the heat flux and & is the sum
of the specific internal energy e, which is function of p and T and the
specific kinetic energy defined as 1u e u.

According to Ref. [6], the frozen equilibrium hypothesis leads to
underestimate the performance, typically by 1-4 %, but as shown in
Ref. [45], due to the low length of the engine, the high flow velocity, and
supposing a complete chemical equilibrium inside the combustion
chamber, the chemical reactions have no time to take place close to the
engine. Therefore, a frozen flow composition will be considered an
acceptable hypothesis in the simulation domain. More details about the
flow properties will be provided in Section 3.2. The flow has been
assumed to behave as a perfect gas, while the Stokes’ hypothesis [46]
and the Fourier law [47] are used to evaluate the heat due to conduction.

Navier-Stokes equations have been averaged according to the Favre
averaging procedure [40], while turbulence has been modelled with a
two-equations RANS model in order to obtain acceptable results while
limiting the computational burden. Between the ones proposed in the
literature, k- SST (Shear Stress Transport), developed by Menter [48],
has been chosen because it overcomes the drawback of k-¢ method,
developed by B. Launder and D. Spalding [49], and k- method,
developed by Wilcox [50-53], combining their advantages. Therefore,



L. Fadigati et al.

2 R gf
[a]

1.4h.
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— Axis

Farfields
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Fig. 10. Simulation domain and boundaries.

this model behaves like k-¢ far away from walls and like k- close to
them, and it can be used in flows with a strong adverse pressure
gradient, while it is able to capture the boundary layer separation.
Thanks to the previously mentioned advantages, k- SST has been used
in other simulations [23,54,55], leading to acceptable results. This
choice leads to the following additional equations for the model:

ot R ox
o +V e (pku) =P ﬁpa)kJrax/ (u+0ky,)axj 5)
(o) gt %0
o +V°(pwu)fvt1’ pipw +0x,- (#+0wﬂz)0xj
1 0k 0
+2p(1 = Fi)oun o= 5 )

o 0

P is the turbulent kinetic energy production term and the turbulent
viscosity model adopted is the one shown in Ref. [56]:

ou;
P=> 1,—
ZJ: " ox;

k
almax(ala), F,S)

)

®

V=

In Equation (8), S is a scalar measure of the strain rate tensor: S =
u

/2555y and 5 =4 (4 + %

using the following relationship:

>. Constants oy, 6, f, y have been obtained

p=Fip, + (1 - Fi)gp, 9
Where ¢ is a generic constant and F; is the blending function which is 1
near the surface and 0 faraway from walls. In all the simulations per-
formed in this work, the values of the k-w SST coefficients have been
chosen according to Ref. [56]: 6x; = 0.85, 632 = 1.0, 0,1 = 0.5, 0,2 =
0.856, y; = 0.5532, y, = 0.4403, p; = 0.0750, 5, = 0.0828, " =
0.09, @; = 0.31. #* has been introduced in Ref. [50] and is related to k,

¢, and w through the expression v = e

4.2. Chemistry model

As mentioned in Section 3.1, the flow composition has been assumed
to be frozen. Its thermodynamic properties have been evaluated using
the CEA (Chemical Equilibrium with Applications) software [57,58], a
code developed by NASA to calculate the composition of reacting sub-
stances when they reach the equilibrium condition. This algorithm is
based on the minimization of Gibbs free energy. The CEA software has
been used to obtain specific heat at constant pressure Cp, molar mass .7,
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ratio of specific heats y, dynamic viscosity y, Prandtl number Pr in the
throat section. Due to the frozen composition hypothesis, the flow
properties have been kept constant over the whole domain. Using the
perfect gas hypothesis, the internal energy can be expressed as

e(T,p)=CT (10)
where C, is the specific heat capacity at constant volume. Both C, and C,
are considered independent of T, i.e. constant.

4.3. Numerical strategy

DbnsTurbFoam [59] is the adopted solver, belonging to a fork of
OpenFOAM (Open Source Field Operation and Manipulation). It is a
density-based transient solver designed for high speed compressible
viscous flows, based on Finite Volume Method (FVM), therefore it is
suitable to simulate the aerospike internal flow and its plume. It solves
Equations (1)-(3) in the conservative form:
ou

—+VeF-VeV=R

ot an

where U is the vector of conserved variable, F is the convective flux
vector, V is the diffusive flux one and R is a source or forcing term.

p
U= | pu 12)
pe
pu
F=| pu®u+ pl 13)
p(pE +pu
0
V= T (14)
Teu—(

The flux F is evaluated on both sides of each mesh cell face directly
from the state U using an approximate Riemann solver technique [60].
In particular in the following simulations, the HLLC scheme [60-62] has
been used coupled with Barth-Jespersen limiter. This scheme has been
chosen because it has been designed to solve the Riemann problem for
the Euler equations [60]. Barth-Jespersen have designed a limiter on
unstructured grids [63] that is able to guarantee stability with the
drawback of reducing the accuracy.

The equations are integrated in time with an explicit, low-storage
Runge-Kutta with four steps [64], in order to reduce the memory con-
sumption, avoiding saving all intermediate solutions. The coefficients of
the temporal scheme have been modified according to Ref. [65] to in-
crease the stability region of the method. dbnsTurbFoam has been used
with k- SST to model the turbulence: for k and w equations, the
BiConjugate Gradient Stabilized (BiCGStab) solver has been used with a
simplified Diagonal-based Incomplete Lower-Upper (DILU) precondi-
tioner to solve iteratively the linear system of equations. This method is
a Krylov subspace method and has been adopted because has faster and
smoother convergence than the BiConjugate Gradient (BiCG) solver
[66].

The thermodynamics and transport flow properties have been
calculated with the CEA software. The simulation meshes have been
obtained using the open source software, Gmsh [67], dividing the
simulation domain in regions and applying a different cell shape and size
to each one. Where the flow direction is almost known a priori, a
structured mesh has been used, while, in the opposite case, a triangular
one has been chosen. The cell size has been tailored in order to have
good accuracy close to the domain walls and to reduce the number of
cell far away from them.
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Fig. 11. Geometry mesh of the validation case: the mesh is coarser than the
actual one for a better graphical representation. The red rectangle shows a
magnification of the structured mesh region. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)

5. Validation of the numerical methodology

The numerical strategy has been validated with the experimental
setup shown in Ref. [44] which reports a series of experiments per-
formed on a linear plug nozzle tested varying the NPR: 3.1, 4.7 and 7.1.
The test facility has a tank filled with compressed air that can reach a
maximum pressure of about 10.34 bar. The linear plug has a width of 72
mm and it is held by a cantilever support system. Nine pressure sensors
have been collocated in the plug central line, spaced by 10 mm. The total
and ambient pressures are respectively measured about 250 mm and 10
mm upstream of the external cover end.

5.1. Simulation domain and mesh

Due to the wide plug region, it has been supposed that the experi-
mental setup can be simulated through a 2D domain and by cause of the
symmetric configuration, only the upper part of the geometry has been
considered. The computational domain has been sized according to
Ref. [21] in which the authors have performed simulations on the same
geometry: the outlet and the farfields positions are described in Fig. 10.
The outlet is located at 69 h, from the throat section, the horizontal
farfield is located at 25 h, from the plug nozzle cowl, the inlet and the
vertical farfield are positioned 1.4 h, upstream of the throat section. In
the aftermath, it is possible to check that the outlet is far away enough
from the geometry in order to allow at the jet flow to reach the ambient
pressure gradually and the horizontal farfield is far away enough to be
not reached from the exiting jet flow.

Inside the convergent-divergent section, the flow direction is almost
known, therefore this region can be discretized with a structured mesh
with edges aligned to it. While outside, the flow has an unknown di-
rection that changes with NPR, therefore this region has been discretized
with an unstructured mesh. The mesh is finer close to the linear plug in
order to capture the flow features: many oblique shock waves are
located in the region over the plug, while it becomes coarser close to the
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outlet and the farfields. Fig. 11 shows the mesh elements density dis-
tribution: this mesh is not the actual one for graphic reasons. The red
rectangle shows a magnification of the structured mesh region.

The used mesh has about 2 x 10° elements. The minimum,
maximum and average edge length are respectively 2.98 x 10~2 mm,
14.7 mm and 1.2 mm.

The Comay used in the following simulation is 0.1. Appendix B shows
the thermodynamic and transport properties of the air used in the
simulation of this geometry.

5.2. Initial transient

The total pressure at the inlet boundary rises linearly in time from
ambient pressure 1 x 10° Pa up to each experimental test value in order
to achieve the steady state condition. The time range considered for such
pressure increase is t € [0,0.02] s.

5.3. Boundary conditions

Boundary conditions are applied following the nomenclature
described in Fig. 10.

5.3.1. Inlet

As previously described, total pressure varies linearly with time up to
each experiment working condition. The inlet temperature Ti, is equal
to the ambient one (300K), independently of the air inlet pressure
because the compressed air in the tank is in thermal equilibrium with the
external environment. The velocity is free to adapt according to the
pressure difference between the inlet and the first cell centre. @ and k
have been calculated considering a developed flow inside the channel
and isotropic turbulence [48]. The inlet values, for each experiment, are
reported in Table 2.

5.3.2. Walls

For the pressure, the normal gradient to the wall has been imposed to
zero, no slip condition for the velocity and adiabatic wall for the tem-
perature. w and k have been modelled using the wall functions [68] that
allow to describe the behavior of these two variables close to the wall.
The use of the wall functions allows to have a coarser grid resolution
close to the wall: the first cell center near to the wall have to fall in the
log-layer region or in closer region. Otherwise, these cells must be in the
order of the viscous sub layer, which is very small. The wall functions
used is shown in the OpenFOAM Guide [68]. A stepwise switch has been
adopted between inertial sublayer and the viscous one.

5.3.3. Outlet, farfields

In these boundaries when the flow exits from the domain the ambient
pressure 10° Pa is imposed, while when the flow enters into the domain,
its total pressure is fixed to 10° Pa. The velocity adapts according to the
pressure difference between the last cell center close to the outlet (or to
the farfield) and the pressure imposed at the outlet (or at the farfields).
For the temperature, @ and k when the flow exits from the domain a zero
flux has been imposed on these three variables while when the flow
enters inside the domain they are fixed to a given value, respectively
T,; = 300 K [21], w,; = 300 s and ks = 1.5 x 10710 m?/s?,

Table 2

Boundary conditions values used in the validation simulations at different Nozzle Pressure Ratio NPR.
NPR [-] Pointer [MPa] Tintec [K] Kingee [m?/5%] Ointer [s7'] ko, s [m?/5%] wo, 7571
3.1 0.31 300 12.30 2.14 x 10* 1.50 x 10710 0.054
4.7 0.47 300 11.08 2.14 x 10* 1.50 x 10710 0.054
7.1 0.71 300 10.00 2.14 x 10* 1.50 x 10710 0.054
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Fig. 12. Comparison between simulation results and experimental data: L is the
plug length, s is a curvilinear coordinate along the plug, p is the static pressure
and Poiner is the inlet total pressure.

Table 3
Pressure error with respect to experimental measurements at different Nozzle
Pressure Ratio NPR.

NPR [-] €dbnsTurbFoam,a; =031 [—] €dbnsTurbFoam,a;=0.355 [—]
3.1 1.63 x 1072 1.37 x 1072
4.7 3.48 x 1072 2.09 x 1072
7.1 2.31 x 1072 1.44 x 1072
3.3D,
D.=2R,
o m
10 Q
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D
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Fig. 13. Simulation domain and boundaries of DemoP1.
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Fig. 15. Combustion chamber total pressure and temperature variation in time.

5.3.4. Symmetric plane

On the symmetry plane, for every variable, the partial derivative
normal to the surface has been set to zero. Regarding the speed, the
component normal to the surface has been imposed to zero.

Table 2 sums up the boundary conditions setting used at different
NPR.

5.4. Initial conditions

The simulation starts with flow being still in every cell of the domain.
The pressure and the temperature are uniform and equal to the ambient
ones: respectively 10° Pa and 300 K. k and w are treated analogously as
described for the outlet and farfield boundary condition.

iy =1.5 x 1071 m? /5 (15)

Ogir =0.053 57! (16)
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Fig. 16. Pressure distribution along DemoP1 internal wall, spike and base: N is
the number of mesh cells, s is a non-dimensional coordinate along the inner
DemoP1 wall, O at inlet and 1 at the last aerospike base point on the symmetry
axis. s, denotes the throat location.

Table 4
Evaluated thrusts in axial direction from mesh convergence analysis: the thrust
error has been evaluated with respect to the finest mesh.

Mesh Neens [-] Tpemor1 [N] er [%]
A 39,532 1.884 x 104 0.39
B 62,390 1.875 x 104 -0.14
C 104,320 1.877 x 104 0.00

5.5. Validation results

The following results are extracted from the simulation at steady
state conditions. Two groups of simulations have been run. In the first
one, the k-w SST parameters are the Menter’s original ones, while in the
second group the a; parameter has been changed from 0.31 to 0.355.
According to Ref. [69], original k-w SST model produces separation that
are too large when the flow is considered compressible, therefore, this
article suggests changing the a; coefficient from 0.31 to 0.355. Fig. 12
shows the validation results: the filled circles are the experimental re-
sults taken from Ref. [44], the solid line are the simulations results ob-
tained imposing al = 0:31 while the dashed ones represent the results
with a; = 0.355. According to Ref. [44] the error on pressure and total
pressure measurements are respectively £690 Pa and +1379 Pa. The
obtained solutions with a; = 0.31 are in a good agreement with the
experimental results, but they anticipate the first oblique shock wave
positions. The simulations characterized by a; = 0.355 instead are able
to capture the flow separation in the right place improving the accuracy
of the solutions, although the pressure sensors are placed too sparsely to
obtain an accurate shock location. From the experimental data it can
only be deduced that the shock is between the first and third pressure
Sensors.

Table 3 reports the non-dimensional errors obtained for every NPR
and a; values. They have been calculated with the following formula
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Fig. 17. Velocity field magnitude distribution obtained from the simulation a)
with superimposed some reference lines b): trailing shock (solid line), trailing
shock reflection (dash-dotted line), shear layer (loosely dashed line), shock
wave (dashed line).
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where p; is the pressure obtained from the simulation at the j-th pressure
sensor location, p}’“"p is the measured pressure by the j-th pressure sensors
and ny; is the number of pressure sensors: nys = 9.

Fig. 12 and Table 3 show that the simulation results are in good
agreement with the experimental measurements, both in terms of ab-
solute errors and trends. Based on these results, the solver has been
considered validated and suitable for the simulation of the engine
DemoP1.

6. Simulation of DemoP1
6.1. Simulation characteristics

6.1.1. Simulation domain and mesh

Due to high computational cost and the geometry symmetry, it has
been decided to simulate only a 5° wedge of the actual geometry
considering an axial symmetry.

Fig. 13 shows the simulated domain. The boundaries called farfields
and outlet are positioned far away from the aerospike in order to avoid
spurious results due to boundary conditions proximity. The computa-
tional domain has been sized according to Refs. [21,22,55], but, in order
to reduce the computational cost, the outlet distance has been halved.

The used mesh has been designed in order to have a limited number
of cells, about 62k, achieving a quite good solution but maintaining a
low computational time (Fig. 14). The mesh is finer close to the areo-
spike, in order to capture the flow characteristics, while to keep low the
total number of cells, the triangle edge size increases from 0.1 mm at the
engine exit section up to 58 mm at the farfields and the outlet bound-
aries. An additional refinement region has been located in the plume
close to the aerospike base in order to capture the shock reflections
visible in the experimental results. Inside the combustion chamber, the
flow direction is almost known because it is parallel to the walls,
therefore a structured mesh has been used. Outside of the geometry, an
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Fig. 18. Static pressure distribution obtained from the simulation: trailing
shock (solid line), trailing shock reflection (dash-dotted line), shear layer
(loosely dashed line), shock wave (dashed line), end of Prandtl-Meyer expan-
sion (solid line with dots).

unstructured mesh has been adopted because of the unknown flow di-
rection. Close to the divergent section, the mesh has been sized in order
to capture the thin shear layer that starts from the wall and propagates
toward right. In this region, too coarse mesh leads to thick shear layer
and therefore the simulated flow would show a very smooth transition
between the aerospike jet and outside air.

For these simulations, Copmgx = 0.08 has been imposed because rising
it too much would lead to too diffusive flow in the plume. Except in the
initial transient, the maximum At used in these simulations is between 1
x 1072 sto 1 x 10~8 s in order to satisfy the Courant number condition.

In these simulations, due to the high pressure ratio and the DemoP1
exit section aspect ratio, the flow will not separate on the spike. Only at
the base, the flow will separate for geometrical reason, therefore a; has
been set to 0.31.

The thermodynamic and transport properties of the exhaust gas have
been calculated using the CEA (Appendix C).

6.1.2. Initial transient

The total pressure at the inlet boundary, corresponding to the com-
bustion chamber, rises linearly in time from ambient pressure 101,325
Pa up to test value 4.05 MPa (40.5 bar) in order to achieve the steady
state condition. The time range considered for such pressure increase is
t € [0; 0.033] s. Differently from the validation simulations, the inlet
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Fig. 19. Static temperature distribution obtained from the simulation a) with
superimposed some reference lines b): trailing shock (solid line), trailing shock
reflection (dash-dotted line), shear layer (loosely dashed line), shock wave
(dashed line).
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Fig. 20. Walls heat flux over the combustion chamber, lower internal wall, the
spike and the base.
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Fig. 21. Temperature distribution in fixed wall temperature simulation: Twall
= 500K

temperature varies from the ambient temperature 300 K up to 3340 K,
which is the estimated temperature within the combustion chamber
(Appendix C), in 6.7 ms. Fig. 15 shows the inlet total pressure and static
temperature variation in time.
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Table 5

Air thermodynamic properties obtained by CEA at ambient condition: pgmp = 1
x 10° Pa and Ty, = 300 K.

Thermodynamics properties

Damb 1 x 10° Pa

Tamb 300 K

Coamb 1004.8 J/(kg K)

Yamb 1.400

Damb 1.161 kg/m®

M e 28.965 g/mol

Csamb 347.2 m/s
Table 6

Thermodynamic flow properties.

Thermodynamics properties

Pt 2.552 x 10° Pa

T 3140 K
Con 4651 J/(kg K)
Yo 1.099
M 19.84 g/mol
Pintet 3.1089 kg/m>
Csinlet 1272 m/s

Table 7

Transport flow properties.

Transport properties

1 x 10-4 kg/(m s)
0.487
1 x 10-4 kg/(m s)

Hen
PRy,

Hinter

6.1.3. Boundary conditions

Boundary conditions are applied following the nomenclature
described in Fig. 13. The adopted boundary conditions are similar to the
ones used in the validation simulations. Consequently, only the different
one will be reported in the following paragraphs.

6.1.3.1. Inlet. As previously described, total pressure varies linearly
with time up to the test working condition while the temperature rises
following a fourth-order polynomial. The velocity adapts according to
the pressure difference between the inlet and the first cell center close to
this boundary. wjnje: and kiqer have been set respectively at 2.261 x 10*
s~! and 59.16 m?%/s%.
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6.1.3.2. Walls. For the pressure, the normal gradient to the wall has
been imposed to zero, no slip condition for the velocity and adiabatic
wall for the temperature. @ and k have been modelled using the wall
functions [68] that allow to describe the behavior of these two variables
close to the wall. A stepwise switch has been adopted between inertial
sublayer and the viscous one.

6.1.3.3. Outlet, farfields. When the flow enters inside the domain the
temperature is fixed to the ambient one (300 K), while when the flow
exits form the domain the heat flux is set to zero. On these boundaries
the total pressure, equal to 101,325 Pa, has been imposed when the flow
enters inside the domain, while when it exits a zero flux condition has
been used. w,, J and k,, rhave been set respectively at 0.0125 s 'and 1.5
x 10710 m?/s%,

6.1.4. Initial conditions

The same initial conditions, shown in Section 5 for the validation
case, have been employed in the simulation of DemoP1. For k and w, the
same value used for the outlet and farfields boundary conditions have
been used.

6.1.5. Mesh convergence analysis

A mesh convergence analysis has been performed to check the de-
pendency of the results from the mesh cell size. Three meshes, with an
increasing number of elements, have been used: the coarsest one (A) has
39Kk cells, the medium one (B) has 62k cells and the finest one (C) has
104k. The finer meshes have been obtained refining the coarsest one in
the region close to the spike and in the plume close to the engine. Near
the outlet and the farfields, the mesh is kept almost the same in the three
generated mesh. Fig. 16 shows the pressure distribution along the aer-
ospike inner wall, the spike and the base, obtained with the used meshes.
The violet line is the uncertainty on the pressure distribution, and it has
been evaluated as follows:

o o
Aey(s) =, mmax p (s) min (s)

18

P is the pressure distribution obtained with the mesh j. Before the
throat section the pressure distributions are almost identical, while they
start to differ along the spike (s'th <5<0.9) reaching a maximum un-
certainty of 9.2 X 10* Pa. While along the base (0.9 <s < 1), the
pressure uncertainty rises up to 1.77 x 10° Pa due to the pressure dis-
tribution obtained with the mesh A, the coarsest one. The three lines are
almost overlapped along the spike leading to an independence of the
pressure solution at walls. Only the coarser mesh outputs a different
pressure distribution at the aerospike base. Therefore, the mesh B is the
right compromise between solution accuracy and calculation effort. The
finest mesh C does not give a significant variation in the pressure dis-
tribution, but it requires a higher computational cost.

Table 4 shows the evaluated thrusts in axial direction for the three
simulations. The obtained thrusts are very similar because the three
obtained pressure distributions shown in Fig. 16 are almost identical: the
mesh A predicts a little higher thrust due to the wrong pressure distri-
bution at the base.

As an additional verification of the validity of the result, an accu-
mulation error analysis has been done according to the methodology
shown in Ref. [70]. The accumulation error has been estimated using the
smallest time interval used in the simulation and its values in percent-
ages is 4.22 %, inside the validity range of 5 % defined in the study,
further validating the acceptability of the obtained results.

6.2. Simulation results

6.2.1. DemoP1 validation

The simulation with the mesh B has been chosen to be compared with
the experimental results. Since the recorded video, described in Section
2, has been averaged in time also the simulation results will be averaged
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before the comparison. The simulation outputs have been saved every 1
ms and the results have been averaged between 38 ms < t < 45 ms.

Fig. 17a shows the velocity magnitude distribution obtained by the
simulation. In this figure, the trailing shock and the shear layer are
clearly seen. Close to the base there is a recirculation region because the
flow is not able to remain attached to the aerospike wall. Fig. 17b dis-
plays the same content of Fig. 17a, overlayed with the flow features
extracted from the experimental averaged results, as shown in Fig. 9.
The solver has been capable to predict the trailing shock (solid white line
in Fig. 17b), its reflection on the shear layer (dash-dotted white line in
Fig. 17b), the shear layer (loosely dashed white line in Fig. 17b) and the
shock which delimits a high temperature region (dashed white line in
Fig. 17b).

Fig. 18a shows the pressure distribution near the aerospike in loga-
rithmic color scale. Close to the throat, it is visible the Prandtl-Meyer
expansion which ends beyond the spike base because the ambient
pressure (101,325 Pa) is lower than the optimal one for which DemoP1
has been created (Section 2). Also in Fig. 18b, the overlayed white lines
are the traces of the shock and expansion waves extracted from the
experimental averaged results of Fig. 9. Fig. 18c highlights the second
Prandtl-Meyer expansion fan at the end of the spike due to the spike
truncation, which is immediately followed by the trailing shock which
deviates the flow faraway from the axis. Also in this case the agreement
with the with line extracted from the experiments is good.

Fig. 19 shows the temperature distribution in the simulated domain,
and the superposition of the lines extracted from the experiments (white
lines in Fig. 19b). Due to the hypothesis of adiabatic wall, the temper-
ature does not decrease close to engine due to the cooling system.

The thrust obtained, integrating the static pressure distribution and
the tangential stress over the wall surface, is 18.77 kN. This calculated
value is obtained based on the hypothesis made for simulation model
and therefore does not take into account efficiency of combustion, even
though it is a good source of interesting evaluations such that the mass
flow rate exiting the throat section and the corresponding discharge
coefficient, respectively equal to 6.92 kg/s and 0.982.

6.2.2. Heat flux evaluation

A second set of simulations has been run imposing a fixed tempera-
ture value on the engine wall in order to estimate the wall heat flux. The
mesh, the initial and the boundary conditions are the same ones used in
the previous simulation described in this Section. The only difference is
the boundary condition for the temperature which becomes a Dirichlet
one. Two values of wall temperature have been used, 500 K and 800 K.
Fig. 20 shows the walls heat flux distribution along the internal wall that
starts at the end of the combustion chamber and ends with the spike and
the base. It has been evaluated using Equation (14).

. Gu oT
" Pr on

The temperature of the flow at the inlet has been fixed at 3340 K
while the one on the wall has been set to 500 K or 800K. The highest heat
flux is close to the throat section (s’ = 0.55). At the base the heat flux
seems to be less dependent from the wall temperature. These results are
consistent with the one used for DemoP1 design and allow to further
validate the design process.

The temperature distribution shown in Fig. 21 is quite different from
the previous result shown in Fig. 19, especially in the base region where
the temperature is dropped from 2900K to about 1300K, while the
performance estimation remains unchanged (0.2 % of difference of the
estimated thrust with respect to the adiabatic walls simulation). This
demonstrates that the heat loss through the wall is relevant for designing
the cooling system but is almost negligible form the performance point
of view, as demonstrated by the thrust evaluation.

19)
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7. Conclusions

DemoP1 shows that it is possible to economically produce aerospike
with complex internal cooling system using the additive manufacturing
technique. The Direct Metal Laser Sintering (DMLS), in combination
with Multi-Volume Laser Energy Density (M-VLED), allows to build a
complex cooling pipe system tailoring the material properties. The in-
ternal pipe surface roughness increases the heat convection with the
cooling fluid, allowing a better cooling of the aerospike. The engine tests
have confirmed the good mechanical and thermal capability of the
copper alloy GRCop-42, developed by NASA, the structural integrity
after long test and the effectiveness of the designed cooling system to
maintain an acceptable temperature of the aerospike walls.

The numerical strategy, shown in Section 3.3, has been set up to
simulate an aerospike. It has been successfully validated against data
taken from literature, being able to predict the pressure distribution
along the plug at different Nozzle Pressure Ratio (NPR) achieving a low
average error. Then this methodology has been applied to DemoP1, and
it has been capable to predict the shock lines like the trailing shock, the
diamond shock and the shear layer seen in the DemoP1 experimental
test (Fig. 17b, 18b and 19b). Finally, the solver has been used to estimate
the thrust level of DemoP1 at sea-level condition, and to estimate the
heat flux through the wall and then optimize the cooling system. The
results obtained in terms of thrust for these last simulations allows to
confirm that heat loss through the wall is relevant for designing the
cooling system, but it is almost negligible form the performance point of
view. The solver will serve in the future as a validated tool to investigate
the behavior of the demonstrator at different NPR or at lower inlet
temperatures, thus simulating non-optimal combustion efficiencies.
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Appendix A. Benchmark of solver scalability

The simulations, that are performed in this work, require very small
cells close to the geometry in order to capture the possible shock waves
and to well solve the boundary layer satisfying the wall function
constraint. Due to the small cells size and the high velocity reached by
the flow, to keep a limited Courant number below a fixed threshold a
very small At is required, which is usually in the order of 1 x 10" sto 1
x 107° s. Therefore, to obtain results in an acceptable time, the
following simulations require an HPC facility. For these tasks GALILEO
100 [71] has been used. It is one of the clusters of the non-profit Con-
sortium CINECA. It is composed by 528 computing nodes with 48 cores
each. To determine which combination of nodes and cores allows to
obtain the best performance, an analysis has been done on a simple
simulation that has a mesh with 60k cells, comparable with the one that
has been used to simulate the full engine behavior. Fig. 22 shows the
speedup of the simulation increasing the number of core used. It is
possible to notice that close to 48 cores the curve begins to flatten out,
therefore to get results in acceptable time, it has been decided to run the
simulations with 48 cores (1 nodes). The most expensive simulation
required about 8 days.
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Appendix B. Ambient conditions

The CEA software has been run to obtain the air thermodynamic and

transport properties at 1 bar and 300K. They are shown in Table 5.

Appendix C. Thermodynamic and transport flow properties

For what concerns the thermodynamic and transport properties, the

CEA software has been run in order to obtain the values related to the
throat section since before it the flow is slow the chemical reaction could
be fast enough to shift the chemical equilibrium according to local
pressure and temperature, while after the throat section the flow speed
increases too much and the chemical reactions have no time to reach a
chemical equilibrium during the expansion phase close to the engine.
The obtained thermodynamic and transport properties are shown in
Tables 6 and 7. CEA outputs also the combustion chamber temperature:
T.c = 3340 K.
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