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Abstract

During the powered landing phase of reusable launch vehicles, the interaction between the rocket
exhaust plume and the landing surface generates intense and highly non uniform thermal loads.
Reliable prediction of wall heat flux is therefore essential for the design of landing pads and thermal
protection systems, while full scale high fidelity simulations remain computationally demanding for
early design phases. A numerical investigation of a supersonic rocket plume impinging on a flat surface
is performed using two-dimensional axisymmetric Reynolds Averaged Navier-Stokes simulations.
The compressible flow is modeled with the k — w SST turbulence model, including convective heat
transfer. A parametric study is conducted by varying the nozzle to pad distance under representative
operating conditions of a reusable methane fueled rocket engine. Based on the numerical database,
a simplified engineering correlation for wall heat flux estimation is derived through dimensional
analysis and optimizied using a Particle Swarm Optimization algorithm. The simulations reveal
a strong dependance of wall heat flux distribution on plume structure and shock wall interaction
mechanisms. The optimized correlation accurately reproduces the main trends and peak values of
the numerically predicted heat flux within the investigated range. The proposed correlation provides
a computationally efficient tool for preliminary thermal assessments of landing surfaces in reusable
launcher applications, bridging the gap between detailed CFD analyses and engineering level design
requirements.

Keywords: plume impingement; shock-wall interaction; reusable launcher landing; LOx/CHj, engine;
wall heat flux prediction; particle swarm optimization

1. Introduction

The paradigm shift toward Reusable Launch Vehicles (RLVs) represents one of the most significant
technological transformation in modern space transportation. Following the commercial success of
SpaceX'’s Falcon 9 [1], which achieved the first successful orbital class booster recovery and reuse
in 2015, the aerospace industry has experienced an accelerating global effort to develop Vertical
Takeoff, Vertical Landing (VTVL) systems. These architectures allow to obtain substantial reductions
in launch costs, estimated at one order of magnitude compared to expendable systems [2,3] , while
simultaneously increasing the number of delivered launches and enabling more sustainable access to
space. European initiatives, notably the Prometheus engine and Themis demonstrator programs led by
the European Space Agency (ESA) and ArianeGroup, represent the effort toward propulsion systems
explicitly designed for reusability [4]. One of the most important point for the operation of reusable
launchers is the controlled descent and precision landing phase, during which retro-propulsion is
employed to decelerate the returning first stage from supersonic velocities. This maneuver introduces
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a complex aerothermal environment characterized by intense plume-surface interactions that generate
extreme thermal and mechanical loads on landing infrastructure [5,6]. Unlike traditional launch
pad configurations designed to withstand brief ignition transients, reusable landing platforms must
endure repeated exposure to high-velocity, high-temperature exhaust jets impinging directly upon
their surfaces. For this reason, understanding and accurately predicting these thermal loads is crucial
for the development of robust Thermal Protection Systems (TPS) and to ensure structural integrity
across multiple reuse cycles.

Recent investigations into retro-propulsion aerothermodynamics have revealed the complex flow
physics governing plume-vehicle and plume-surface interactions. Ecker et al. [7] performed numerical
studies on the RETALT configurations, demonstrating that thermal loads during supersonic retro-
propulsion are primarily driven by plume impingement on the vehicle base and sidewalls, with peak
heat fluxes reaching 20 kW /m? under specific flight conditions. Similarly, aerothermal characterization
of the CALLISTO demonstrator [8] highlighted the critical influence of angle of attack and engine
throttling on surface heat flux distributions, emphasizing the need for detailed computational fluid
dynamics (CFD) databases to support trajectory design and TPS sizing. These studies consistently
indicate that the interaction between exhaust plumes and solid boundaries generates non-uniform,
highly localized thermal loads significantly exceeding those encountered during ascent [6,9].

The physical mechanisms underlying jet impingement heat transfer have been extensively studied
in the broader heat transfer literature. Zuckerman and Lior [10] provided a comprehensive review of
jet impingement physics, identifying the Reynolds number (Re), Prandtl number (Pr) and nozzle-to-
pad distance (d,,0zz10— pad) @s governing non-dimensional parameters. To take into account the effects
of these three non-dimensional parameters simultaneously for subsonic and moderately supersonic
jets, the Nusselt number (Nu) can be considered because it can be expressed by a class of empirical
correlations of the form Nu = f(Re, Pr, d,wzzle,pad) [11,12], yet their applicability to rocket plume
scenarios, characterized by extreme temperatures (> 3000 K), high Mach numbers (> 2.5) and multi-
species reacting flows, remains limited. Moreover, the presence of shock structures, stagnation bubbles
and recirculation zones in underexpanded rocket exhausts introduces additional complexities not
captured by classical impingement correlations [13,14].

Recent advances in turbulence modeling have enabled high-fidelity simulations of these phe-
nomena. The Reynolds Averaged Navier-Stokes (RANS) approach, coupled with two equations
turbulence models such as k — w SST, has proven to be effective in detecting wall-bounded flows with
strong pressure gradients and shock-boundary layer interactions [15,16]. Numerical studies on plume
impingement during rocket landing have demonstrated that RANS based CFD can reliably predict
pressure distributions, temperature fields and convective heat fluxes, provided that appropriate mesh
resolution and turbulence modeling strategies are employed [9,17]. Nevertheless, the computational
burden of high-fidelity simulations, particularly for parametric studies considering multiple standoff
distances, thrust levels and atmospheric conditions, justifies the development of reduced order models
and engineering correlations suitable for rapid design iterations.

To fill the gap between computationally intensive CFD and practical design needs, optimization
algorithms have been increasingly employed to derive simplified heat transfer correlations from
numerical datasets. Particle Swarm Optimization (PSO), a heuristic method inspired by collective bio-
logical behavior [18], has demonstrated particular effectiveness in solving non-linear, multi-parameter
regression problems across various engineering applications. In heat transfer contexts, PSO has been
successfully applied to optimize heat exchanger designs [19,20], calibrate thermal models [21] and
identify optimal operating parameters [22,23]. Its robustness in navigating complex search spaces
without requiring gradient information makes it well-suited for correlating turbulent heat transfer
data, where analytical relationships do not represent a viable solution.

The present study addresses the critical knowledge gap in predicting plume induced thermal
loads on landing platforms for LOx/CH, reusable launchers. Specifically, this work investigates the
thermal environment generated by the Prometheus engine during terminal descent and landing. The
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Prometheus is a medium thrust class engine (~ 1000 kN) based on a gas-generator cycle operating
at 100 bar chamber pressure and an optimal mixture ratio of 3.5 [4] and represents a cornerstone of
Europe’s future launcher architecture. Methane offers distinct advantages over hydrogen, including
higher density (enabling compact storage), reduced thermal gradients, elimination of hydrogen
embrittlement concerns and simplified storage at 112 K versus 20 K for LH; [24,25].

Through a systematic combination of high-fidelity CFD simulations, dimensional analysis and
PSO based correlation oprimization, this research aims to: (1) characterize the complex flow structures
and thermal fields arising from supersonic plume impingement at various nozzle-to-pad distances;
(2) quantify the influence of standoff distance and numerical scheme order on peak thermal and
mechanical loads; (3) develop a simplified Nusselt based correlation expressing surface heat flux
as a function of Reynolds, Prandtl numbers and standoff distance optimized via PSO to minimize
residuals against CFD predictions. The resulting correlation is intended to provide preliminary design
estimates with acceptable engineering accuracy while reducing computational cost by several orders
of magnitude compared to full CFD analyses.

The paper is organized as follows: Section 2 describes the numerical methodology, including
governing equations, turbulence modeling, computational domain configuration and details the
PSO-based correlation development and validation; Section 3 presents the effects of the numerical
discretization accuracy, the parametric simulation results across multiple standoff distances and the
outcomes of the wall heat flux prediction by means of the PSO-optimized correlation; Section 4
provides concluding remarks and recommendations for future work. .

2. Materials and Methods
2.1. Engine Configurations and Operating Conditions

The LOx/CH,4 engine configuration considered for the objectives of the present study is the
Prometheus engine that represents a medium thrust class propulsion system developed by Ariane-
Group in collaboration with ESA as part of Europe’s reusability roadmap [4]. This engine employs a
gas-generator cycle operating at a chamber pressure of approximately 100 bar, with an optimal mixture
ratio (O/F) of 3.5, delivering a vacuum thrust in the range of 1000 kN. The propellant couple employed
for the considered engine is liquid oxygen and methane (LOx/CHy), because of their favorable density,
storability and compatibility with reusable operations compared to traditional liquid oxygen and
hydrogen (LOx/LH,) systems.

Figure 1. Prometheus engine [26].

For the landing phase simulation, the Prometheus engine has been modeled at 38% throttle
to represent realistic descent conditions. By using CIRA in-house design codes that takes in input
chamber pressure and geometric expansion ratio of the nozzle it has been possible to rebuild the
geometry of the combustion chamber and of the nozzle, guaranteeing that the performances delivered
are exactly the same of the considered engine. The chemical composition of the combustion gases
has been derived from NASA’s CEA software, assuming frozen flow downstream of the combustion
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chamber, a resonable assumption given the short residence times in the nozzle expansion section. The
species considered from the methane and liquid oxygen reaction are not all of them, but only the
ones whose molar fraction exceed 10~°. Table 1 reports the chemical composition of the combustion
products considered for the simulation of the Prometheus engine.

Table 1. Chemical composition of the combustion products in terms of molar fractions considered for the
simulation of the Prometheus engine.

Species Molar fraction
CO 0.2226
CO, 0.25984
H; 0.00718
H,O 0.38957
O 0.00994
OH 0.05925
H 0.00118
HO, 0.00018
o)) 0.04686

The simulations have been performed by considering multiple nozzle to pad distances (indicated
with dyyozz10 pad) to be able to capture the evolution of plume-surface interaction physics, spanning
from near contact conditions to moderate separation scenarios relevant to practical landing operations.
In particular, 4 nozzle to pad distances have been considered: d,;;z10 pag = 1 m, 5m, 10 m, 15 m.
The impingement surface has been modeled as a flat, isothermal wall at a constant temperature of
300 K, representative of steel or refractory landing pad materials before significant thermal transients
develop.

2.2. Computational Domain, Boundary Conditions and Mesh Generation

In the framework of the numerical simulations performed in this study, a two-dimensional
computational domain based on axial simmetry has been defined that allows to significantly reduce
computational burden while capturing the essential physics. While this approach does not resolve
three-dimensional effects like asymmetric shock oscillations or large scale coherent structures, previous
validation studies have shown that axysimmetric RANS models provide reliable predictions of mean
flow quantities, pressure distributions and time averaged heat fluxes for impinging jet configura-
tions [13,14]. The computational domains adopted for the simulations of the Prometheus engine plume
are reported in Figure 2(a). For the sake of clarity, only the domain corresponding to a nozzle to pad
distance of ;210 pag = 15 m is explicitly depicted; the dashed lines indicate the truncation locations
of the computational domain associated with the other distances considered. For each case, the domain
is truncated at the plane corresponding to the selected nozzle to pad distance. Figure 2(b) is a close up
of the domain in the nozzle region.

As it is possible to appreciate in Figure 2, the boundary conditions have been specified as follows.
At the nozzle inlet (combustion chamber exit), a prescribed mass flow inlet with a specified mass flux
has been set (11 = 101.7’%5) together with the total temperature (Ty = 3473.43K), the chamber pressure
(pc = 37bar) and the species mass fractions from CEA and reported in Table 1. Turbulence intensity has
been set to 5% with a hydraulic diameter equal to the chamber diameter, consistent with high velocity
combustion chamber flows. On the impingement wall, a no slip condition with a fixed temperature
(Twan = 300K) has been set. Ambient boundaries (far field) have been treated as pressure outlets with
static pressure po = lbar (sea level condition) and temperature To, = 300K. The axis of simmetry
enforced zero radial velocity and zero radial gradients of all scalar quantities. The nozzle wall was
modeled with a no slip condition with temperature set to 300K. A synoptic overview of the boundary
conditions is reported in Table 2.
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Table 2. Boundary conditions adopted.

Region BCs
Mass flow inlet
it =101.7%8
Nozzle inlet pe = 37bar
Tp = 3473.43K
O/F =35
No slip
Wall Nozzle Ty = 300K
Axis Simmetry
Pressure Outlet
Ambient boundaries Poo = 1bar
o = 300K
o No slip
Impinging wall Tpat1 = 300K

Three mesh densities have been generated to assess grid independence: approximately 21375 cells
(coarse), 85250 cells (medium) and 341000 cells (fine). All meshes featured structured quadrilateral
elements with refined clustering in three critical regions: the nozzle exit plane where expansion waves
and shock structures originate, the plume ambient interface characterized by strong shear layers and
the impingement wall boundary layer where convective heat transfer peaks. The first cell center has
been placed 0.4 mm from solid boundaries, yielding y* values ranging from 20 = 200 for the fine
mesh, around 190 for the medium mesh and exceeding 400 for the coarse mesh. These distributions
align well with k — w SST turbulence modelling requirements. Grid convergence was evaluated by
comparing wall pressure and surface heat flux distributions across the three densities. The maximum
relative deviation in peak heat flux between medium and fine grids was 0.68%, compared to 0.92%
between coarse and fine grids. Wall pressure distributions showed a 3.3% discrepancy (medium vs.
fine) and 5.7% (coarse vs. fine). Combined with the y* considerations, these metrics confirmed that
the fine mesh provided sulfficient spatial resolution for accurate thermal load prediction, so this density
(341000 cells) has been adopted for all subsequent parametric studies.
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Figure 2. (a): Computational domain and boundary conditions considered for the simulation of the plume of
the Prometheus engine impinging on pads at four different distances . (b): Close up near the nozzle of the
computational domain and boundary conditions imposed.
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2.3. Governing Equations and Turbulence Modelling

The exhaust plume behavior has been described using the compressible Reynolds-Averaged
Navier-Stokes (RANS) equations, which decompose instantaneous flow quantities into mean and
fluctuating components. This approach enables turbulent flow simulation at computational costs
several orders of magnitude lower than Direct Numerical Simulation or Large Eddy Simulation.
For turbulence modelling, the k — w Shear Stress Transport (5ST) model has been adopted. The
transport equations for turbulent kinetic energy (k) and specific dissipation rate (w), along with
the turbulent viscosity formulation, follow the standard SST implementation detailed in [27-30].
Thermophysical properties have been treated as temperature dependent using polynomial curve fits
from NIST databases [31]. The ideal gas equation of state was employed, with mixture-averaged
properties computed by means of kinetic theory for the nine species combustion gas mixture.

2.4. Numerical Solution Procedure

Simulations were conducted using ANSYS Fluent 2025R2, a widely validated commercial CFD
solver employing finite volume discretization. A pressure based coupled algorithm has been used,
which solves momentum and pressure-correction equations simultaneously, offering enhanced ro-
bustness and faster convergence for compressible flows compared to segregated schemes. Two sets
of simulations were performed to evaluate how spatial discretization accuracy affects the predicted
thermal loads:

e  First-order simulations used first order upwind interpolation for all spatial gradients (pressure,
density, momentum, energy, turbulence variables). This scheme offers excellent numerical stability
and it is not affected by non physical oscillations near discontinuities like shocks, but introduces
significant numerical diffusion that artificially smooths gradients.

*  Second-order simulations employed a second order upwind scheme for all transport equations.
Higher order discretization reduces numerical diffusion and provides sharper resolution of
shock structures, velocity gradients and thermal boundary layers, essential for accurate heat flux
prediction in high speed flows.

Convergence was monitored by means of residual histories (scaled residuals below 10~° for
continuity and momentum, 108 for energy) and through stabilization of integral quantities like mass
flow rate at the nozzle inlet and total pressure force on the impingement plate. All simulations ran in
steady state mode, which is reasonable given that the primary flow structures (Mach disk, stagnation
bubble) exhibit relatively low frequency unsteadiness that does not significantly affect time averaged
surface heat fluxes.

2.5. Particle Swarm Optimization for Correlation Development

While CFD simulations offer detailed insight into plume-surface interactions, their computational
expense, often tens to hundreds of CPU hours per case, limits their usefulness during preliminary
design or parametric sensitivity studies. This motivates the development of simplified engineering
correlations that enable rapid thermal load estimation without full numerical solutions. Classical
dimensional analysis suggests that the Nusselt number for impinging jets can be expressed as a power
law function of Reynolds and Prandtl numbers [10,11]:

Nu = C-Re® - Pr? (1)

where C, a, and b are empirical coefficients determined from experimental or numerical data.
However, identifying optimal values for these coefficients from CFD datasets is challenging, particu-
larly when the underlying physics shows strong dependencies on multiple parameters like nozzle to
pad distance, shock structure and recirculation effects.

To solve the problem of identifying the optimal values for the coefficients in the Nusselt correlation,
the Particle Swarm Optimization (PSO) algorithm has been adopted. The PSO is a population based
metaheuristic algorithm inspired by collective behaviour in biological swarms like bird flocks and
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fish schools, originally developed by Kennedy and Eberhart in 1995 [18]. PSO has proven to be
particularly effective in heat transfer applications, including design optimization of shell and tube
heat exchangers, plate fin exchangers and thermal model calibration, often outperforming genetic
algorithms in convergence speed and solution quality for continuous design variables [19-21]. The
PSO algorithm works by initializing a population (swarm) of N particles, each representing a candidate
solution defined by a position vector X = [C, g, b] in three dimensional parameter space. Each particle
also gets assigned a velocity vector V that governs its movement through the search domain. During
initialization, particle positions are randomly distributed within predefined bounds:

Xi = Xmin + (Xmax - Xmin) : rand() (2)

where rand() generates a uniform random number between 0 and 1. Initial velocities are similarly
randomized to ensure broad exploration of the parameter space.

Solution quality is evaluated using an objective function |, formulated here as the sum of squared
residuals between the Nusselt numbers predicted by CFD simulations and by correlation estimates:

Npaints

]Zp = Z (NMCFD,i - Nucorr,i)z (3)
i=1

where Nucrp; is the local Nusselt number from CFD simulation at the position i, Nu,,,; is
the corresponding value computed using the correlation with the current particle’s coefficients and
Npoints is the number of spatial locations along the impingement surface. This formulation ensures
the optimization minimizes discrepancies across the entire radial Nusselt number distribution, not
just peak values. At each iteration p, particles update their velocities and positions based on three
behavioral components: inertia (tendency to mantain current trajectory, weighted by C;), cognitive
attraction toward the particle’s own historically best position (namely Personal Best (PB), weighted by
() and social attraction toward the globally best position found by the entire swarm (namely Global

Best (GB), weighted by C3). The velocity update equation is:

VP = VF 4 Gy - rand() - (PBQ7 - Xf) + Cs - rand() - (GBP - Xf) (4)

particle positions the update according to:

xPH = xP 4 yptt (5)

If an updated position violates the predefined bounds ( Xy, Xmax)- it gets corrected by assigning
the corresponding boundary value. After position updates, the objective function is re-evaluated for
each particle. If a particle’s current fitness J/ 1 beats its previous personal best, the Personal Best
updates accordingly. Similarly, the Global Best updates if any particle achieves fitness better than the
current swarmwide optimum.

This iterative process continues until a stopping criterion is met, typically either a maximum
number of iterations or negligible improvement in global best fitness over successive generations.
The PSO algorithm has demonstrated ability to mantain allowable error tolerances while avoiding
premature convergence to local minima.

For heat transfer correlation problems, PSO offers several practical advantages over gradient based
optimization: it does not require analytical derivatives of the objective function, exhibits robustness to
noisy data (inherent in turbulent CFD solutions) and efficiently explores multi modal search spaces
without excessive sensitivity to initial guesses [23]. Recent applications of PSO and related Bayesian
optimization techniques to CFD based calibration have shown that metaheuristic algorithms can
successfully identify optimal turbulence model coefficients and heat transfer correlation parameter,
often achieving better predictive accuracy than manually tuned values [32,33].

In this work, PSO has been implemented with the following configuration: swarm size N = 30
particles, maximum iterations pu.x = 200, inertia weight factor C; = 0.7, cognitive weight factor
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C; = 1.4 and social weight factor C3 = 1.4. These values align with recommended settings from the
PSO literature. The search domain for each coefficient was defined based on typical ranges reported
for impinging jet correlations, in particular: 0.001 < C <0.1,0.5 <4 <1.0and 0.3 < b < 0.8. For
the development and optimization of the correlation, the following strategy has been adopted: the
Reynolds and Prandtl numbers obtained from the CFD simulation at a nozzle-pad distance of 15
m were used to calibrate the coefficients C, 4, b in Equation 1. The optimization was performed by
minimizing the error between the predicted Nusselt number and the CFD results at this reference
distance. Once the optimal coefficients were determined, the resulting Nusselt number correlation
was applied to predict the thermal fluxes at different nozzle-pad distances. This approach allows for
the validation of whether a single CFD simulation at one distance can provide a sufficiently accurate
correlation for predicting heat fluxes at other distances, thereby reducing the computational cost
associated with multiple CFD analyses.

3. Results
3.1. Effects of the Numerical Discretization Accuracy

In order to evaluate the impact of numerical discretization accuracy on the simulation outcomes,
a comparative analysis has been carried out by considering first and second order spatial schemes.
First order schemes are generally more stable and robust in terms of convergence, particularly in the
presence of steep gradients and shock waves. However, this stability comes at the cost of elevated
numerical diffusion, which leads to a marked smoothing of essential flow features. The most important
consequences include the damping of shock structures, the underprediction of velocity gradients
and the artificial thickening of thermal boundary layers. As a result, critical quantities such as wall
heat fluxes and stagnation point pressures are often underestimated, potentially compromising the
fidelity of the thermal load assessment. On the contrary, second order schemes offer significantly
improved resolution of spatial gradients, allowing for a more accurate representation of fluid dynamic
structures, including the Mach disks, shear layers and stagnation regions. With a higher order
spatial discretization it is possible to preserve and capture sharper profiles of velocity, pressure and
temperature, leading to a more faithful reconstruction of the flow field. For these reasons, first order
schemes may suffice for preliminary analyses or conservatives estimates while second order schemes
are indispensable for resolving the complex physics of plume impingement and for ensuring high
fidelity predictions of the thermal loads experienced by the landing platform. In the following, for
brevity’s sake, the comparisons of the results obtained with first and second order schemes for the
case in which the distance between the nozzle and the pad is d;,pz21—pas = 5 m are reported, but
for all the other distances same considerations apply. In Figure 3, a comparison between the heat
flux distributions on the pad (dyzz1e—pad = 5 m) obtained with first and second order schemes is
presented; it is possible to observe that the peak heat flux is higher in the second order solution and
that it is located on the axis of the nozzle (the center of the impingement region on the pad), on the
contrary in the first order solution the peak is predicted to be located with a 0.25 m displacement with
respect to the nozzle axis. These differences suggest the effectiveness of higher order accuracy schemes
in detecting flow field structures, as it is possible to appreciate in Figure 4, where a shadowgraph
visualization of the flow field is compared between first and second order solution; the latter shows a
more defined shock structure and the presence of a normal shock right over the pad with a standoff
distance of about 1 m, not detected by first order solution. Furthermore, in Figure 5 the contour plot
of the static pressure shows the overexpanded nature of the plume, how the second order solution
detects the plume structure more sharply for a longer distance with respect to the first order solution
because of numerical diffusion and how the first order solution underpredicts the pressure increase
downstream of a Mach disk. All of these differences in the plume structure reflect on the distribution of
total pressure and total temperature on the pad, as shown in Figure 6 and Figure 7, respectively. In the
following, the second order solutions will be presented and discussed, since the flow field predicted
by higher order accuracy schemes appears to be more detailed.
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discretization schemes (d,0z21¢— pad = 5 ).
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Figure 6. Comparison of total pressure distribution on the pad obtained with first and second order discretization
schemes (d,02z1¢— pad = 5 M).
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Figure 7. Comparison of total temperature distribution on the pad obtained with first and second order discretiza-
tion schemes (d,zz1¢— pad = 5 ).

3.2. The Effect of Nozzle to Pad Distance

The numerical simulations revealed complex flow physics dominated by the typical shock wave
patterns of overexpanded rocket nozzles. An investigation about the effect of the structure of the
plume and about the thermal and mechanical field established on the pad has been carried out by
considering four nozzle to pad distances. For the d,o,,1pag = 15 m case, the plume developed quite
freely without significant interference with the pad, as it can be seen in Figure 8 (a). The first Mach
disk formed at approximately 1.07 m from the nozzle exit, with a clearly visible triple point where the
normal shock, incident oblique shock and reflected shock converge. As the nozzle approaches the
pad (Figure 8 (b,c)), the shock structure begins to interact with the pad. An interesting phenomenon
emerged: the triple point shifted away from the nozzle axis and moved upstream toward the nozzle
exit. This behaviour is due to the backpressure effect imposed by the presence of the pad. The subsonic
region downstream of the normal shock expanded laterally and the Mach disk weakened progressively
as the nozzle approached the pad. The most important change in plume structure and interaction with
the pad occured at d;,z21¢—pag = 1 m (Figure 8 (d)). In this case the entire region downstream of the
normal shock became subsonic, creating a large stagnation zone directly ahead of the impingement
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point. The flow pattern fundamentally differed from the other cases because instead of a well defined
shock structure, the simulation showed a broad, weakened normal shock positioned very close to the
nozzle exit (approximately 0.7 m).

One of the most significant findings concerns the formation of a stagnation bubble that appeared
prominently at d;;zz1,pag = 1 m. Figure 9 shows the detailed velocity field near the wall for these
cases dyozzle—pad = 5 m, where the stagnation bubble has not yet developed and dgzz10pas = 1 m,
where the recirculation pattern is clearly visible. The physical mechanism behind this phenomenon
is due to the fact that when the jet impinges on the pad, the flow behind the normal component of
the Mach disk experiences much higher total pressure loss than the flow passing through the oblique
shocks. This pressure differential creates a central region characterized by low pressure that cannot
sustain direct impingement, forcing the high velocity flow to deflect radially outward before reaching
the pad centerline and this deflecting effect enhance when the nozzle approaches the pad.
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Figure 8. Velocity contour plots for (a) dyzz10—pag = 15m case, (b) dyyozz1e— pag = 10m case, (c) for dypzz1e— pas = 5Sm
case, (d) for d;;pzz1¢—pag = 1m case.
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Figure 9. Close up of the velocity contour plot and streamlines for the distances d,p;21¢—pag = 1 m and dypzz10—pag =
5m.

The wall pressure distribution reported in Figure 10 quantify this behaviour. For dyzz10— pag = 11,
the static pressure profile exhibits a series of local minima and maxima which testify the presence of
the stagnation bubble. The peak pressure is shifted radially outward to about 0.6 m from the axis,
where the deflected jet actually impacts the surface. At dygzz10pag = 5 m the stagnation bubble is
present, but it is starting to develop and grow and so the pressure peak occurs at the centerline and the
profile is monotonic. As the distance djgzz10— paq increases to 10 m and beyond, the stagnation bubble
disappears entirely. The wall pressure distribution is always monotonic, with the maximum occurring
directly on the pad centerline, the classical behaviour expected for impinging jets without strong shock
surface interaction.

The heat flux distributions reveal the same physics. Figure 11 shows the wall heat flux for all the
cases. For dyzz10pag = 15 m and dypzz1e— pag = 10 m, where no stagnation bubble forms, the heat flux
exhibits a clear peak at the stagnation point, located at the pad centerline, reaching approximately
1 MW /m? and 3.1 MW /m?, respectively. This behaviour aligns with classical impinging jet theory:
the maximum heat transfer occurs where the flow stagnates directly, driven by the thin boundary
layer. For the case d;;p;z10—pag = 5 m the peak value still occurs at the pad centerline and it reaches
the highest value observed in all the simulations, 7.8 MW/ m?2. In all the cases presented until now,
the wall heat flux is monotonically decreasing. On the contrary, the d;,p;21,psg = 1 m case shows a
different pattern characterized by the presence of the stagnation bubble revealed by a profile with one
peak (~ 7.5 MW /m?) located at 0.6 m from the pad centerline and two relative maxima, similarly to
what happened for the pressure distributions. The most important thing to notice is that the maximum
heat flux does not occur when the distance between the nozzle and the pad is the minimum considered
(dnozzie—pad = 1 m) but when d,;10 pag = 5 m because dynamic effects and turbulence enhance the
heat transfer. A comparison of the distribution of the turbulent viscosity () is reported in Figure 12. By
comparing the distributions of wall heat flux (Figure 11) and turbulent viscosity (Figure 12) it is possible
to notice that, although the turbulent viscosity reaches its maximum value at d,,o;z1epag = 10 m, the
corresponding wall heat flux does not peak at this distance. This apparent discrepancy highlights the
fact that turbulent viscosity alone is not a direct predictor of wall heat transfer. At larger distances
(dyozzle—pad = 15 m), the enhanced turbulent mixing occurring upstream of the impingement leads to a
partial homogenization of velocity and temperature fields, thereby reducing the thermal gradients
at the wall. At intermediate distances (dypz21e— pad = 5 M), turbulence levels are sufficiently high to
sustain an energetic wall jet, while the plume still retains strong velocity and temperature gradients
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upon impingement. This combination results in steeper near wall temperature gradients and a higher
convective heat flux, despite the turbulent viscosity being lower than its maximum value. For the
smallest distance (d;0z210—pad = 1 m), strong stagnation effects and turbulence suppression inherent to
the k — w SST model limit turbulent transport and wall jet development, leading to reduced heat flux.
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Figure 10. Static pressure distributions on the pad for the four cases.
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Figure 11. Heat flux distributions on the pad for the four cases.
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Figure 12. Turbulent viscosity distributions near the pad for the four cases.

3.3. Development of an Optimized Correlation for the Prediction of Wall Heat Flux by Means of PSO

Having established a comprehensive CFD database, an optimized correlation for rapid heat flux
estimation has been developed. The objective of this optimization effort is to derive a single correlation
that, calibrated using data from just one CFD simulation at a reference stadoff distance d ;¢ paq, could
reliably predict thermal loads at other distances without requiring additional full scale simulations.
This would provide designers with a computationally inexpensive tool for preliminary assessments,
while also quantifying the error accumulated when extrapolating the correlation beyond its calibration
range.

The particle swarm optimization algorithm has been applied by considering the CFD data relative
to the dypzz10—pas = 15 m case to identify the optimal coefficients C, 4, b in the power law relation
Nu = C- Re” - PrP. This particular distance has been chosen because it represents a regime where the
interactions between the plume and the pad are negligible, without strong stagnation bubble effects
that could introduce additional nonlinearities. The Reynolds and Prandtl numbers have been extracted
from the CFD solution at various positions along the pad outside the boundary layer but within the
plume region. For a given location the local velocity, density, viscosity and thermal conductivity have
been used to compute Re and Pr and these values were then used to rebuild the Nusselt number
distribution over the pad, the convective heat transfer coefficient /. and the heat flux q7,,,.

The resulting correlation for d,p;21e—pag = 15 m took the form:

Nu = 0.0103 - Re®%71 . py0-2642 6)

By comparing the Nusselt number distributions provided by CFD results and PSO in Figure 13
(a) it is possible to notice that the optimized correlation underpredicted the peak value with an error
of 5.17% and tracked the radial distribution reasonably well on the pad, predicting the location of
the peak with a shift of 1.6 m from the centerline, while the CFD peak is predicted at 0.6 m from the
centerline. The convective heat flux coefficient ., reported in Figure 13 (b), computed with the Nusselt
distribution, also well predicts the CFD prediction with an underprediction of the peak value of 6.48%,
with the same shift in peak location. By considering the heat flux rebuilt by means of the optimized
Nusselt correlation, shown in Figure 13 (c), there is an underestimation of the peak value of 24.74%
with respect to the CFD result and while the peak value location predicted by CFD is on the pad
centerline, the PSO predicts the location of this peak with a shift from the centerline of 0.9 m. So, the
optimization of the coefficients used in the power-law of the Nusselt number minimized the error

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1386.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2026 d0i:10.20944/preprints202603.1386.v1

15 of 21

in the prediction of the Nusselt number distribution, but by considering the heat flux rebuilt with
these distribution it has been shown that the peak heat flux is underestimated. In a preliminary design
phase, a calibration constant can be introduced in the Nusselt number correlation with the objective to
obtain a peak value of the heat flux that would be the same of the one predicted by CFD results. To
satisfy this condition the calibration constant, named A, must have a value of A = 1.32. So the Nusselt

number correlation becomes:

Nu = 1.32-0.0103 - Re®9>71 . py0-5642 7)

With the introduction of the calibration constant, the heat flux distribution on the pad is the one
presented in Figure 14, where it is possible to notice that the peak value predicted is the same of the
CFD results. The location of the peak is not of fundamental importance because by studying the effect
of nozzle to pad distance a shifting of this location has been observed and for the design of the pad it
is important to have a reliable prediction of the peak heat flux. For radial positions for which Y > 2m
the corrected heat flux distribution overestimates the CFD results.
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Figure 13. (a) Comparison of Nusselt number distribution on the pad obtained with CFD and PSO for d;,9;21¢—pag =
15 m. (b) Comparison of convective heat transfer coefficient distribution on the pad obtained with CFD and PSO
for dyozz1e—pag = 15 m. (¢) Comparison of heat flux on the pad obtained with CFD and PSO for dgz1e— pad = 15 m.
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Figure 14. Wall heat flux predicted by CFD results, optimized Nusselt correlation and correction with the
calibration constant (d,,pzz1e— pad = 15m).

In Figure 15 is reported the comparison of heat fluxes on the pad obtained with CFD and
correlations for dypzz1e—pag = 10 m. The correlation results reported refer to: the heat flux rebuilt
by means of the optimized correlation obtained by considering the d,,;210pag = 10 m data (Nu =
0.0199 - Re0-9363 . py0-3097) and the Anozzle—pad = 15 m corrected correlation (Equation 7). It is possible
to appreciate how the heat flux rebuilt by means of the optimized correlation for d,p;21¢—pag = 10 m
overestimates the peak value with an error of 15.06%, while the prediction offered by Equation 7 is
closer to the CFD value, with an error of 7.33%. It is important to notice that both the correlations,
for radial positions in which Y > 1m, underpredict the heat flux on the pad with respect to the CFD
evidence, because the Reynolds and Prandtl numbers drop more steeply than the actual convective
transfer does. Since in this region the values of heat flux appear to be way lower then the peak value,
it is an acceptable compromise for the objectives of the present work.
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Figure 15. Wall heat flux predicted by CFD results for dy;;1,—psg = 10 m, optimized Nusselt correlation for
Apozzle—pad = 10 m, correlation obtained with data for dyz1e— pag = 15 m corrected with calibration constant.

Figure 16 shows the comparison between the heat flux obtained with CFD and with correlations
for dnozzle—pad = 5 m case. Also in this case the optimal correlation for Nusselt number has been
found by means of PSO (Nu = 0.0199 - Re09214 . py0:3049) by considering the d,;p;21e—pag = 5 m data
and has been compared with the results obtained with Equation 7, related to dnozzle—pud = 15m. The
prediction of the peak heat flux value offered by using this latter correlation is closer to the CFD
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value then the prediction given by the optimized correlation for d;p;21,—pes = 5 m (the prediction
errors are 11.72% and 27.30%, respectively). In the end, in Figure 17 the same comparison is shown
for the dygz210pag = 1 m case. In this case the optimized correlation obtained by considering the
Anozzle—pad = 1 m data has assumed the form Nu = 0.0199 - Re%8%57.. prO3091 but by rebuilding the heat
flux profile with this correlation it is possible to appreciate that it is always underestimated with respect
to the CFD evidence (error on the peak value of 23.51%), on the contrary the rebuilding obtained
with Equation 7 overestimates the CFD result (error on the peak value of 15.03%). In the heat flux
distribution predicted by any correlation there is no evidence of the presence of the stagnation bubble
as previously discussed and as it is visible by the CFD result, where some relative maxima are present.
However, this limitation does not undermine the correlations” practical utility. The primary purpose of
simplified engineering correlations is not to reproduce the detailed spatial distribution of heat flux with
all its local features, but rather to provide a reliable first-order estimate of the maximum thermal loads
that is the critical design parameter for sizing thermal protection systems and assessing material limits.
From this perspective, the correlations perform well: they predict peak heat flux values with errors
generally below 20% and when discrepancies occur, they tend toward conservative overestimation
rather than dangerous underprediction. The inability to resolve complex flow features like stagnation
bubbles or secondary peaks is an expected consequence of reducing the physics to a simple power
law function of two non-dimensional parameters. These local flow structures depend on highly
nonlinear shock-wall interactions, recirculation dynamics and turbulence production mechanisms
that cannot be fully encoded in Reynolds and Prandtl numbers alone. Capturing such details would
require either distance-specific correlations or more sophisticated functional forms (e.g., including
Anozzle—pad €xplicitly or multi-region piecewise formulations) approaches that would compromise the
simplicity and computational efficiency that make these tools valuable for preliminary design iterations.
For applications requiring accurate spatial resolution of thermal loads, full CFD simulations remain
necessary. The correlations developed here serve a complementary role: enabling rapid parametric
studies, providing order of magnitude estimates during conceptual design and offering conservative
bounds for worst case thermal load scenarios.
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Figure 16. Wall heat flux predicted by CFD results for Ayozzie—pad = D M, optimized Nusselt correlation for
Apozzle—pad = D M, correlation obtained with data for dyzz1e— pag = 15 m corrected with calibration constant.
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Figure 17. Wall heat flux predicted by CFD results for d,;z1e—pas = 1 m, optimized Nusselt correlation for
Apozzle—pad = 1 M, correlation obtained with data for d,,z1e— pag = 15 m corrected with calibration constant.

For these reasons, the correlation can be used as a practical preliminary design tool, offering
order of magnitude thermal load estimates within seconds compared to the hours or days required
for parametric CFD campaigns. However, it must be emphasized that these correlations and their
associated error bounds are derived entirely from numerical simulations. Experimental validation
under representative conditions (high temperature LOx/CH,4 combustion products, realistic chamber
pressures and appropriate standoff distances) is essential before applying these tools to actual landing
system design. The CFD results themselves rely on turbulence modeling assumptions (k — w SST),
frozen flow chemistry and axisymmetric geometry, all of which introduce uncertainties that only
physical testing can fully resolve. Future work should prioritize targeted experiments to benchmark
both the absolute heat flux predictions and the parametric trends observed in this numerical study.

4. Conclusions

In this work, a comprehensive numerical investigation of supersonic rocket plume impingement
during the landing phase of a reusable launcher has been carried out, with specific reference to the
Prometheus engine. Axisymmetric RANS simulations were performed to characterize the complex
flow field generated by the interaction between the plume and a flat landing surface at different nozzle
to pad distances, capturing the effects of shock structures, stagnation regions and turbulence on wall
pressure and heat flux distributions.

The results highlighted a strong dependence of surface thermal loads on plume structure and
standoff distance. In particular, intermediate nozzle to pad distances were found to produce the
highest peak heat fluxes, due to the combined effect of intense velocity and temperature gradients
and enhanced turbulent transport. At very short distances, the formation of a stagnation bubble
significantly altered the flow topology, redistributing both pressure and heat flux away from the
centerline. The study also demonstrated the critical role of spatial discretization accuracy, showing
that higher-order numerical schemes are essential to correctly resolve shock-wall interactions and
avoid underprediction or misplacement of peak thermal loads.

Based on the CFD database, a simplified engineering correlation for wall heat flux prediction
was developed through dimensional analysis and optimized using a Particle Swarm Optimization
algorithm. The proposed Nusselt-based correlation, calibrated on a single reference case, proved
capable of predicting peak heat fluxes at different standoff distances with acceptable accuracy for
preliminary design purposes, generally within conservative error bounds. While the correlation cannot
reproduce localized flow features such as stagnation bubbles or secondary maxima, it provides a
computationally efficient tool for rapid thermal load estimation during early design phases.
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It must be emphasized that all results presented in this study are derived from numerical sim-
ulations and are therefore subject to the assumptions inherent in the adopted modeling approach,
including turbulence modeling, frozen-flow chemistry and axisymmetric geometry. Consequently, the
numerical findings and the proposed correlation should be validated through dedicated experimental
campaigns under representative operating conditions before being applied to the design of real landing
systems. Such experimental validation represents a crucial step to further increase confidence in the
predictive capability of the proposed methodology and to support its extension to more complex
configurations.
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Abbreviations
The following abbreviations are used in this manuscript:

Reynolds number exponential in the Nusselt correlation
Prandtl number exponential in the Nusselt correlation
Factor in the Nusselt correlation

Cy Inertia weight factor

(@) Cognitive attraction weight factor
Cs Social attraction weight factor

CEA Chemical Equilibrium Analysis
CFD Computational fluid-dynamics
Apozzle—pad ~ Distance between the nozzle and the pad, standoff distance
ESA European Space Agency

GB Global Best

he Convective heat transfer coefficient
i Position index

J Objective function

k Turbulent kinetic energy

LOx/CHy Liquid oxygen/methane
LOx/LH;  Liquid oxygen/hydrogen

1i1 Mass flow rate

N Number of particles of the swarm

Npoints Number of spatial along the impingement surface

Nu Nusselt number

Nucrp, Local Nusselt number from CFD simulation at the i — th position
Nucorr,i Local Nusselt number derived from correlation at the i — th position
O/F Mixture ratio

14 Tteration index

Pe Chamber pressure

Poo Ambient pressure

PB Personal Best
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Pr Prandtl number

PSO Particle Swarm Optimization

g e Heat flux rebuilt with the Nusselt number correlation
RANS Reynolds Averaged Navier-Stokes equations
Re Reynolds number

RLV Reusable Launch Vehicle

SST Shear Stress Transport

Ty Total temperature

Too Ambient temperature

Towall Wall Temperature

TPS Thermal Protection Sytem

4 Velocity

VTVL Vertical Takeoff Vertical Landing

Ut Turbulent viscosity

w Specific dissipation rate
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