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Abstract
The assessment of thermal loads occurring on reusable launch vehicles during the entire trajectory is essential for the 
correct dimensioning of the thermal protection system. Due to the costs and limitations of ground-based testing for large-
scale vehicles, these predictions rely intensively on numerical simulations (CFD). The need of aero-thermal databases, as 
a fast-response surrogate model for the aero-thermodynamic heating, arises from the practical impossibility of performing 
unsteady CFD analysis over the entire trajectory due to the large disparity of fluid mechanical and structural time scales. The 
construction of these databases is based on a representative set of CFD simulations which cover, at a minimum, the flight 
regimes with significant thermal loads. The aim of this paper is to analyse the results of these representative CFD simula-
tions during both the ascent flight and atmospheric entry for the RETALT1 vehicle to show typical flow field phenomena 
occurring during these phases and the resulting heating patterns.
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Acronyms
ACS  Aerodynamic Control Surfaces
ATDB  Aero-Thermal Data Base
CFD  Computational Fluid Dynamic
GTO  Geostationary Transfer Orbit
LEO  Low Earth Orbit
MECO  Main Engine Cut Off
RLV  Reusable Launch Vehicle
SSTO  Single Stage To Orbit
TPS  Thermal protection system
TSTO  Two Stage To Orbit
VTVL  Vertical Take-off Vertical Landing

Symbols
Kn  Knudsen number
M  Mach number
q  Heat flux per unit area (kW∕m2)

�  density (kg∕m3)

T  Temperature (K)

Tw  Wall temperature (K)
u  Velocity component along the launcher longitu-

dinal axis (m/s)

1 Introduction

Over the last 10–15 years, partial or complete reusable 
launch systems have received increasing interest [9] because 
of their potential to significantly reduce recurrent launch 
costs and lower the environmental impact.

In the framework of its Reusable Launch Vehicle (RLV) 
activities, US-American companies SpaceX and Blue Ori-
gin promoted several studies and technology developments 
focused on advancing the maturity level of reusable launch-
ers. The SpaceX Falcon 9 rocket represents a successful 
example of a Vertical Takeoff Vertical Landing (VTVL) 
Two Stage To Orbit (TSTO) RLV.

In Europe, few researches have been performed on this 
concept, and limited knowledge and know-how is available. 
RETALT is one of the European projects that aims at inves-
tigating the launch system reusability technology of VTVL 
RLVs, applying retro-propulsion combined with aerody-
namic control surfaces [11]. Two reference launch vehicle 
configurations are defined:
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– RETALT1: A configuration similar to the SpaceX rocket 
“Falcon 9” that will be the reference for a state- of-the-art 
TSTO RLV

– RETALT2: A configuration similar to the DC-X that will 
serve as a reference for a VTVL SSTO.

The layout and system analysis of reusable launch vehi-
cles include major challenges related to the application of 
a robust, light-weight, inexpensive and serviceable Ther-
mal Protection System (TPS). The correct sizing of such a 
system, as well as other important structural parts like the 
Aerodynamic Control Surfaces (ACS), relies on an accu-
rate evaluation of thermal loads occurring during the entire 
atmospheric flight path. Since extensive experimental cam-
paigns of large-scale vehicles are extremely expensive and 
subjective to several limitations, these predictions are mainly 
performed by numerical simulations (CFD). Such CFD-
based load predictions need to be coupled with an analysis 
of the structural response using a heating model.

The large disparity of fluid mechanical and structural 
time scales makes unsteady CFD analysis over the entire 
trajectory practically impossible, leading to the necessity 
to develop fast-response surrogate models for the aero-ther-
modynamic heating. This need has been fulfilled through 
the creation of an aero-thermal database (ATDB) which 
represents a surrogate aero-thermodynamic heating model 
consisting of a set of steady-state CFD results for the surface 
heat fluxes. The CFD simulations are performed at different 
trajectory points, operational conditions of the engines and 
different surface temperatures. The use of interpolation algo-
rithms allows to estimate the local heating rate on each point 
of the vehicle surface as a function of flight time and local 
surface temperature. Such surrogate model for the aero-
thermal loads can be easily coupled to a structural response 
model to evaluate the temperature history in each location 
on the vehicle surface during the entire atmospheric flight.

The aero-thermal database created for the RETALT1 
vehicle is based on a computational matrix that covers the 
entire flight trajectory.

This paper is focused on the analysis of representative 
flow field solutions, provided by the extensive CFD cam-
paign performed for the ATDB construction. This allows 
the analysis of typical phenomena occurring during both the 
ascent flight and the atmospheric entry, i.e. plume interac-
tion, immersion of the vehicle in hot exhaust gases, vehicle 
aerodynamics, and the resulting heating patterns. In this 
regard, it is interesting to highlight the presence of hot spots 
due to the plume interaction and to observe at which flow 
field conditions the heat flux peak on the aerodynamic sur-
faces and protrusions occur.

Furthermore, a turbulence modelling sensitivity analy-
sis has been carried out in order to observe the effects on 
the external flow field structure and provide an uncertainty 

assessment on the thermal loads occurring on the launcher 
surface.

2  Mathematical and numerical model

The construction of aerothermal databases requires detailed 
heat flux data for different flight regimes and surface tem-
peratures. To obtain the necessary data, CFD simulations 
were carried out at a representative set of flow conditions 
which cover the entire atmospheric flight regime.

These CFD analyses are performed with the hybrid struc-
tured-unstructured DLR Navier–Stokes solver TAU [10]. 
The TAU code is a second-order finite-volume flow solver 
for the Euler and Navier-Stokes equations in their integral 
forms, using eddy viscosity, Reynolds stress or detached and 
large eddy simulation for turbulence modelling.

For the present investigation, the Spalart–Allmaras one-
equation eddy viscosity model [13] has been employed. The 
choice of this turbulence model was motivated by its ability 
to reproduce the structure of engine exhaust-plumes during 
retro-propulsion maneuvers [4] and by the general applica-
bility for heat flux predictions in a wide range of hypersonic 
and reacting flow regimes [5, 8].

The AUSMDV flux-vector splitting scheme was applied 
together with MUSCL gradient reconstruction to achieve 
second-order spatial accuracy whilst maintaining a robust 
numerical treatment of strong discontinuities.

The thermodynamic modelling is based on a mixture of 
thermally perfect gases. The properties of the individual spe-
cies are either computed from spectroscopic constants using 
partition functions that include an accurate representation of 
high temperature effects, such as inharmonic corrections and 
coupling of rotational and vibrational degrees of freedoms 
for molecules [2], or from NASA Polynomials [7]. Appropri-
ate mixture rules are applied to compute the thermodynamic 
properties depending on the local gas composition, pressure 
and density.

For the simulation of the RETALT1 vehicle, a chemically 
frozen mixture of air ( 76%N

2
 and 24%O

2
 by mass fraction) 

and engine exhaust gas ( 97.7%H
2
O , 2%H

2
 , 0.2%OH and 

tracer species) is considered. The additional heat release due 
to post-combustion of the fuel-rich exhaust gases in the flow 
field around the rocket configuration is neglected.

This is justified by a preparatory investigation of a rep-
resentative simplified axis-symmetric retro-propulsion 
configuration. The results are summarized in Figs. 1 and 
2. The free stream conditions correspond to a flight Mach 
number of 2 at an altitude of 15 km (Fig. 1) and a Mach 
number of 5 at 30 km (Fig. 2). In both cases, the nozzle 
exhaust is produced by a generic engine operating at a 
combustion pressure of 110 bar and an oxidizer to fuel 
ratio of 6.7. A reference solution (“full chemistry”) was 
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obtained by the application of a detailed 9 species, 19-step 
Jachimowski reaction mechanism [6].

The temperature distributions in the flow field in 
Figs. 1a and 2a show that the peak temperatures around 
the exhaust plume are generally lower in the reacting case. 
This is due to the presence of endothermal dissociation 
of exhaust jet combustion products. The principal plume 
structure is not affected. The cooling effect caused by the 
endothermal chemistry is significantly more pronounced 
for the Mach 5 conditions. This is due to the larger heating 

in the stagnation zone between plume and free stream 
which is primarily induced by the strong bow shock.

Figures Figs. 1b and 2b show the corresponding distribu-
tions of flow temperatures on a radial cut in the vicinity of 
the rocket surface for the Mach 2 and Mach 5 conditions, 
respectively. The cut position is indicated in the flow field 
visualizations. The cuts show different trends for the two 
considered free stream conditions.

At Mach 2, in the case of reacting flow, the value of the 
temperature close to the wall at r/R0 = 1 is slightly higher 

Fig. 1  Influence of the exhaust plume chemistry in a representative test configuration (free stream Mach number of 2 at 15 km altitude)

Fig. 2  Influence of the exhaust 
plume chemistry in a repre-
sentative test configuration (free 
stream Mach number of 5 at 
30 km Altitude)
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than the value obtained under the hypothesis of a frozen gas 
mixture (labelled “thermally perfect” as the thermodynamic 
properties of the exhaust species are allowed to vary with tem-
perature). The difference is approximately 10%. This is due 
to the additional heat release by post-combustion of excess 
hydrogen in the fuel-rich exhaust plume of the engine. This 
additional heat release is not present for the frozen exhaust 
assumptions. The results for a calorically perfect gas (constant 
gas constant and ratio of specific heats) are also included for 
reference and are close to the thermally perfect results.

At Mach 5, the temperature of the reacting gas is signifi-
cantly lower than the temperature at the frozen conditions. 
Here, contrary to the Mach 2 conditions, the effect of the 
absence of endothermal dissociation is dominant over the 
effect of extra heat release of excess fuel in the exhaust plume. 
The difference in gas temperatures between the frozen and 
reacting cases at the surface is about 30%. The calorically per-
fect gas assumption leads to unphysical results.

The impact of the near wall gas temperatures on the sur-
face heat flux distribution on the cylindrical rocked for the 
Mach 5 case is assessed in Fig. 2c. The Nusselt number, Nu, 
of a turbulent boundary layer scales with the Reynolds num-
ber, Re, as Nu ∝ Re0.8 . The flow velocity is nearly identi-
cal between the different cases (deviation of less than 1% ). 
Hence, under the additional assumption of negligible viscosity 
effects, the Nusselt number scales with a first-order approxi-
mation with the flow density as Nu ∝ �0.8 . The surface heat 
flux, q, can be estimated from the heat transfer coefficient, � , 
the near wall gas temperature, T, and the wall temperature, Tw , 
as q = �(T − Tw) , where � ∝ Nu if the influence of thermal 
conductivity is neglected. These relations are combined to:

The results for Tref = 1K and �ref = 1 kg∕m3 (used for non-
dimensionalization) are plotted in Fig. 2c. Despite the 30% 
discrepancy of the near wall gas temperatures, the deviation 
between the heat flux estimates between reacting and frozen 
gas stays below 7% . This is due to the lower densities at 

(1)
q

qref
=

(

�

�ref

)0.8 (

T − Tw

Tref

)

higher gas temperatures which counter-balance the tempera-
ture effect in the convective heat transfer problem.

In conclusion, this preparatory analysis shows that the 
frozen exhaust assumption yields realistic results for the sur-
face heat flux. The error of the predicted gas temperatures 
is increasing with the free stream Mach number. General 
plume and flow field structures are not affected.

The plume characteristics and exhaust gas composition at 
the RETALT1 nozzle exit were obtained by a separate nozzle 
simulation. The results, including flow profiles at the exit, 
are shown in Fig. 3. The flow is assumed to be in chemical 
non-equilibrium and the Jachimowski reaction mechanism 
[6] is employed. The combustor conditions are characterized 
by a pressure of 117.3 bar and O/F=6.7. The fluctuations in 
the exit flow profiles are due to a complex and weak wave 
pattern which originates from the slightly non-perfect noz-
zle contour. The obtained flow profiles and the exhaust gas 
composition are then prescribed as an Dirichlet inlet condi-
tion at the nozzle exit planes in the 3D simulations of the 
RETALT1 rocket during the retro-maneuvers.

CFD simulations for the complete launcher are performed 
using half model for the ascent and a quarter-symmetry 
model for the descent. The hybrid/unstructured computa-
tional grids include approximately 7.7M volumes.

3  CFD results

The ATDBs consist of a set of surface heat flux distributions 
from detailed CFD analyses, combined with appropriate 
interpolation algorithms. The CFD investigations are per-
formed mainly around peak heating and at critical flow con-
ditions. Complementary thermal loads at less critical flight 
conditions (low heating rates) are estimated using scaling 
laws and are represented by synthetic heat flux distributions. 
The heat flux scaling for the synthetic heat flux distribution 
was obtained using well established general relationships 
between the global heat loads and the free stream properties 
[3, 14]:

Fig. 3  Flow analysis of the 
RETALT1 thrust nozzle
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Here, qscaled is the local synthetic heat flux value for a 
fixed wall temperature, qsource is a CFD heat flux distribu-
tion which serves as the scaling source, � and u are the free 
stream densities and flight velocities, respectively.

Initial qualitative estimates of the global aerothermal 
heating are used to identify critical flight regimes. They are 
obtained using the Sutton–Graves approximation [14] in 
Eq. 3, where Rn represents the body bluntness.

3.1  RETALT1 mission

The RETALT1 launcher is a Two Stage To Orbit (TSTO) 
launcher with the objective to transfer a payload of 20tons to 
a Low Earth Orbit (LEO) of approximately 340 km.

(2)qscaled = qsource
�
0.5

scaled
u3
scaled

�0.5
source

u3
source

(3)qs = 1.7415E−4

�

�

Rn

�0.5

u3

�
√

kgm

s3

�

– The first stage has 9 engines that will be active until Main 
Engine Cut Off (MECO)

– Right after MECO, the second stage main engine ignites 
and completes the injection of the payload to orbit

– The first stage continues the flight along a ballistic trajec-
tory outside of the atmosphere. Before entry, the vehicle 
is turned in a flipover maneuver. After entering the upper 
atmosphere, the re-entry burn is initiated to reduce the 
flight speed. This is followed by an aerodynamic unpro-
pelled flight phase, which is terminated by a landing burn 
to ensure a controlled touchdown.

A sketch of the mission is shown in Fig. 4.

3.2  Ascent trajectory

This section is devoted to the discussion of representative 
flow field solutions for RETALT1 during the ascent phase, 
that is the timespan ranging from take-off until MECO. In 
this phase, all the 9 engines of the first stage are active and 
the second stage is still present.

The ascent trajectory is represented by the solid black line 
in Fig. 5a. Symbols illustrate the database population, black 
filled circles represent the computed trajectory points (# 
1-6). Concerning the ascent flight, the heat flux distribution 
below point # 1, at 66 s, is considered to be constant. During 
subsonic flight, aero-thermal heating of the external surfaces 
is negligible. Base plate heating stays approximately con-
stant due to the similar flow structure at low altitudes.

The last point of the trajectory (# s6) is obtained by scal-
ing the aerothermal heating using Eq. 2. The heat flux dis-
tribution at the base plate was not scaled because it is domi-
nated by the plume structure and the associated recirculation 
patterns which, at high altitudes, are not affected by the free 
stream conditions.

Fig. 4  Concept scenarios for RETALT1 mission [1]

Fig. 5  RETALT1 Ascent trajec-
tory points and flight conditions
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The trajectory point # s6 is characterized by a Knudsen 
number of 0.1 which is at the edge of continuum. In this flow 
regime, velocity and temperature slip at the wall can already 
occur. Hence, the scaling approach described at the begin-
ning of Sect. 3 would result in a conservative estimate of the 
heat fluxes. Due to the very low heat flux values, the error 
made by using the scaling approach, based on the continuum 
assumption, is negligible. However, Kn=0.1 justifies the 
adoption of the continuum model since the Navier–Stokes 
equations still represent a reasonable approximation of the 
flow physics.

Details of the considered trajectory points are given in 
Fig. 5b.

Representative flow field structures for the RETALT1 
ascent flight are shown in Figs  .6 and 7 and permit this 
analysis of typical phenomena occurring in low- and high-
altitude mode, respectively.

The images on the left-hand side show the colored pres-
sure coefficient distribution, while the Mach number in the 

symmetry plane is in gray-scale. The brown iso-surface 
represents the boundary of 50% exhaust mass fraction and 
indicates the geometrical extent of the engine plumes. On 
the right-hand side, the distribution of surface heat flux is 
shown in color; gas temperatures in the symmetry plane 
are shown in gray scale. The brown iso-surface depicts the 
region of flow reversal and recirculation with the axial veloc-
ity u < −100m∕s.

At low altitudes with a large atmospheric ambient pres-
sure, the exhaust plumes are confined and the intensity of 
plume–plume interactions is comparatively limited (Fig. 6a). 
The flow reversal region surrounds the cluster of engines and 
it is characterized by a limited length. The thermal loads on 
the base plate are rather low (Fig. 6b).

At higher altitudes, the ambient pressure is lower and 
consequently the plumes are significantly spread out. Strong 
plume–plume interaction occurs in the vicinity of the 
launcher base (Fig. 7a). The flow reversal region is located 
around the central nozzle and between the lateral nozzles. It 

Fig. 6  RETALT1 ascent flow 
field structure (low altitude 
mode, h=22km, Mach=2)

Fig. 7  RETALT1 ascent flow 
field structure (high-altitude 
mode, h=40km, Mach=3)
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also spreads slightly ahead the base plate close to the pro-
trusions created by the folded landing legs (Fig. 7b). The 
transition between the different flow modes occurs in a very 
narrow range of altitudes and the recirculation of hot exhaust 
gases in the high-altitude mode strongly increases the base 
heating.

The rapid transition between the flow modes is visible in 
the histories of the averaged heat fluxes on the nose and base 
plate which are shown in Fig. 8 for different wall tempera-
tures. The nose heating at low flight velocities ( t < 140 s , 
M = 3 ) is dominated by the difference of the wall and 
ambient temperature (heating for Tw = 200K , cooling for 
Tw > Tambient ). The local heating or cooling efficiency is at 
a maximum in the nose region and at surface protrusions. 
At high flight velocities ( t > 150 s , M > 4 ), the nose heat-
ing curves collapse as the total temperature is significantly 
larger than the wall temperature. Nevertheless, the heat 
fluxes in this flight regime remain rather small due to the 
higher altitude.

Concerning the base plate, at low altitudes ( t < 110 s ), 
the heat loads remain generally small and are dominated by 

the difference between the wall and ambient temperatures 
(similar as for the nose heating), see Fig. 8.

The base flow topology in this flight regime is charac-
terized by confined plumes, weak plume–plume interac-
tion and a weak recirculation region of hot exhaust gases. 
A typical heat flux pattern is shown in Fig. 9a. At higher 
altitudes, the influence of the free stream on the exhaust 
plumes becomes negligible and the heating patterns are 
dominated by an octagonal star-like structure (see Fig. 9b). 
This structure represents the footprint of the recirculation 
pattern of hot exhaust gases which is driven by the strong 
plume–plume interaction. The highest heat loads occur at 
this flight regime. Local maxima are in the order of 100 
kW∕m2 and occur close to the baseplate openings of the 
outer nozzle ring.

3.3  Descent trajectory

Right after MECO, the RETALT1 first stage performs a 
downrange landing maneuver. For sake of brevity, RETALT1 
first stage will be referred simply as RETALT1 from now on. 
The descent trajectory is shown in Fig. 10a.

– The blue line represents the unpropelled flight, the vehi-
cle altitude decreases from 91.72 km to 67.51 km.

– The red line indicates the retro-burn phase which is per-
formed with 3 of 9 engines in operation. At the end of 
this phase, the vehicle reaches an altitude of 34.43 km.

– The retro-burn phase is followed by a second unpropelled 
flight phase (shown in green), which finishes at an alti-
tude of 1.9 km.

– Finally, the landing phase is performed using retro-burn 
of the central engine only. This part of the trajectory is 
represented by the purple line.

The dashed black line provides an estimation of the heat 
flux in the stagnation point downstream the entry bow shock 
and it is obtained using Eq. 3. Such empirical relation can 
be effectively applied during the atmospheric flight, but it is 

Fig. 8  RETALT1 time histories of average heat flux for constant wall 
temperatures - ascent phase

Fig. 9  RETALT1 ascent heat 
flux distributions on the base 
plate
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not able to provide meaningful results in the retro-propulsion 
regime, due to the completely different physical phenomena.

Orange symbols indicate trajectory points for which 
CFD-analyses were performed (#1–6) instead the white 
symbol (#s6) indicates synthetic heat flux data computed 
by means of Eq. 2. The use of a scaled solution is justified 
by the fluid-dynamic conditions that are not critical for the 
aero-thermal loads.

The free stream conditions in each CFD point are sum-
marized in Fig. 10b. Point #1 is taken at the end of the first 
unpropelled phase and is characterized by a high altitude 
and a high Mach number. The second CFD point #2 is at 
the beginning of the first retro-burn phase. Altitude and 
Mach are comparable to case #1 but the difference lays 
in the presence of the three operative engines. Points #3 
and #4 are located in the middle and at the end of the first 
retro-burn phase, respectively. Finally, points #s5-s6 are 
chosen in the second un-propelled phase, when the vehicle 
has already reached low altitudes. CFD computations were 
performed at each point using fixed wall temperatures of 
200K and 600K in order to take into account the influence 
of the local surface temperature on the aero-thermal heat-
ing in the database. Since the flow field structures are not 
dramatically affected by the wall temperature, only results 
obtained for Tw = 200K are shown. The scaling of the syn-
thetic solution was also treated separately for all considered 
wall temperatures.

3.3.1  Retro burn

Representative flow field solutions for the RETALT1 dur-
ing the entry trajectory are shown in Figs. 11 and 12 for the 
configuration with 3 operative engines, and in Fig. 16 for the 
case without engines. The distribution of the pressure coef-
ficient (left-hand side pictures) and surface heat flux (right-
hand side pictures) are shown in color; Mach number and 

gas temperature in the symmetry plane are shown in gray-
scale. In the left-hand side pictures, the brown iso-surface 
represents the boundary of 50% exhaust mass fraction and 
indicates the geometrical extend of the engine plumes. The 
streamlines are coloured by the longitudinal velocity com-
ponent. In the right-hand side pictures, the brown iso-surface 
depicts the region of the flow field where u = −100m∕s to 
visualize the back flow. The retro-burn begins when the 
vehicle is still at high altitude and high Mach, the free stream 
conditions are described in Fig. 10b, trajectory point # 2. 
Due to the low static free stream pressure, the plume signifi-
cantly spreads downstream and upstream the vehicle which 
is totally immersed in a hot atmosphere made up by a large 
percentage of exhausted gas (see Fig. 11a). The value of the 
pressure coefficient, on the RETALT1 body, ranges between 
-0.02 and 0.3, higher values can be seen on the base plate 
especially in the vicinity of xy-symmetry plane and on the 
lateral surface of the central nozzle, close to the exit plane 
( cp = 1.93 ). The streamlines indicate the presence of a large 
recirculation area surrounding the bottom part of the vehi-
cle immediately downstream of the exhaust plume structure. 
The backflow is displayed by means of the brown iso-surface 
in Fig. 11b, it redirects hot exhaust gases towards the base 
plate (similar to the high altitude mode during ascent) and 
spreads mainly in the transverse direction with respect to the 
axis in which the operative engines lay. The same picture 
shows the heat-flux distribution on the vehicle surface and 
the temperature field in the symmetry plane. Despite the hot 
gas surrounding the launcher the heat flux peaks remain low 
which is primarily due to the low density of the flow field: 
qbase plate = 69 kW∕m2 and qplanar fin = 57 kW∕m2.

A flow field solution of particular interest is the one at 
the end of retro-propulsion due to the severe thermal loads 
occurring on the aerodynamic control surfaces which 
directly face the incoming flow being heated in the upstream 
stagnation zone (see Fig. 12b). The heat flux here is the 

Fig. 10  RETALT1 Descent 
trajectory points and flight 
conditions
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highest among the CFD points analysed, and can be regarded 
as the dimensioning value for the planar fins design. Free 
stream conditions are described in Table 10b trajectory point 
# 4 and represent an example of mid-range altitude mode. 
Due to the moderate densities and the fact that the flow is 
aligned parallel to the vehicle surface, the heat fluxes on the 
central body remain moderate. The base plate heating is sig-
nificantly reduced during the retro-burn due to the efficient 
shielding effect of the exhaust plume. The backflow region 
is significantly smaller compared to the beginning of retro-
propulsion (high-altitude mode); here, the brown iso-surface 
is confined in a limited area downstream the launcher and 
spreads slightly upstream the base plate.

An important reduction of the exhaust plume size can be 
observed in Fig. 12a and is due to the increasing static and 
dynamic free stream pressure that occurs towards the end 
of the retro-burn. In this case, only the lower part of the 
launcher is immersed in an atmosphere rich of hot exhausted 
gases. The pressure coefficient distribution is in the range 

[-0.06, 0.08], on the planar fins cp is slightly higher and 
reaches 0.35.

3.3.2  Parametric studies and uncertainty assessment 
for the retro‑burn phase

Complementary 2D investigations have been performed to 
verify the reliability of the 3D results in terms of peak heat 
flux on the planar fin’s leading edge. The aim was to dem-
onstrate that the spatial resolution of the 3D grid used in the 
CFD simulations is sufficient for an accurate representation 
of the heat flux level on the aerodynamic control surfaces.

To achieve this goal, two different 2D grids are used: the 
first one is characterized by a high-resolution (Fig. 13a) and 
the second one is characterized by the same spatial resolu-
tion as the 3D grid (Fig. 13b). The latter is coarser if com-
pared to the former, indeed 3D simulations require a care-
fully evaluation of computational costs.

Fig. 11  RETALT1 descent flow 
field structure (high altitude 
mode, h=66km, Mach=7.6), 
beginning of retro-propulsion

Fig. 12  RETALT1 descent 
flow field structure (mid-
range-altitude mode, h=35km, 
Mach=4.7), end of retro-
propulsion
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The flow field conditions at the end of the retro burn are 
chosen for the grid sensitivity analysis because they pro-
vide the most critical thermal load on the leading edge of 
the planar fin. As a consequence, such conditions impose 
the most severe constraints on the spatial discretization of 
the boundary layer.

The free stream conditions were extracted from the 3D 
flow field in a point located 30 cm upstream of the leading 
edge at mid-length of the planar fin. This distance cor-
responds to the stand-off distance of the bow-shock at the 
root of the planar fin.

The free stream conditions are listed below.

– M = 1.5139

– p = 581.877Pa

– � = 3.2067E−4 kg∕m3

The heat flux distributions along the planar fin profile, 
obtained by 3D and 2D simulations, are shown in Fig. 14. 
The 3D simulation shows a heat flux peak on the leading 
edge followed by a sudden drop and a successive increase 
that creates a “valley effect” which is attributed to the 
coarse spatial resolution in the vicinity of the strong jump 
in curvature at the downstream end of the leading edge. 
After the local maximum, the heat flux decreases regu-
larly. Except for the “valley effect”, both 2D simulations 
reproduce the 3D trend very well. The 2D simulation per-
formed using the high-resolution grid (red line) provides a 
maximum value 7.59% lower than the 3D one. The use of 
the grid characterized by 3D equivalent spatial resolution 
provides a value that matches the 3D result. From these 
results, one can conclude that 3D mesh provides a reliable 
representation of thermal loads on planar fins.

To assess the effects of the turbulence model on the 
thermal loads occurring on the launcher surface and on 
the external flow field, a sensitivity analysis has been 
performed. Besides the Spalart–Allmaras model (SA), 
which has been used as baseline for the CFD simulations 
that make up the ATDB, the Shear Stress Transport k − � 
(SST) in the formulation written by Menter in 1994 [12] 
and Wilcox k − � model [15] have been investigated. The 
results are compared in Fig. 15.

The structure of the external flow field exhibits consid-
erable changes depending on the turbulence model used. 
The comparison of the Mach number fields obtained with 
the SA and SST model, see Fig. 15a, shows that the exten-
sion of the jet in the radial direction, identified by the barrel 
shock, is larger when the SST model is used. In this case, 
the oblique shock, which decelerates the engines exhausted 
gases, is reflected on the symmetry axis with a Mach reflec-
tion. The Mach stem is clearly visible in the lower part of 
the central frame. It is interesting to note that the stand-off 
distance of the bow shock is the same for both turbulence 
models. When the SA model is used, the oblique shock has 
an intensity such that the reflection on the symmetry axis 
occurs through the creation of another oblique shock. In 
both cases, the weak reflected shocks dissipate quickly in 
the subsonic stagnation zone which develops between bow 
and barrel shocks. They are not visible in the graphs.

Fig. 15a shows also the comparison between the thermal 
loads obtained with SA and SST turbulence models. It is 
noteworthy that the thermal loads on the leading edge of the 
planar fins are more intense in the case of SST model. In this 
case, the heat flux is rather uniform along the leading edge, 
except for the fin root. When the SA model is used, the heat 
flux value reaches its maximum towards the tip, elsewhere 

Fig. 13  2D Grids used for the 
convergence analysis on the 
planar fin

Fig. 14  Heat flux comparison on the planar fin profile
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it is quite low. The significant disparity in surface heat flux 
distributions between the SA and SST models for the retro 
burn case is primarily caused by different predictions of the 
recirculation structure of the hot exhaust plumes. Moderate 
changes in the plume and vortex structures alter the impact 
angle and velocity of the hot gases on the surfaces and the 
resulting heat flux levels. Further, in the high supersonic 
flow regime the Spalar–Allmaras model tends to a slightly 
delayed turbulence production inside the boundary layers 
which reduces the heat loads.

Significant differences can be also detected in the heat 
flux values on the base plate, folded legs and cylindrical 

body, especially the bottom part. Considering the base plate, 
the aero-thermodynamic heating exhibits a different pattern 
according to the turbulence model used for the simulation. 
If SA is considered, the highest heat flux values are located 
between the operative engines (Z-axis). With SST, instead, 
they can be found on the transverse direction (Y-axis). The 
reason for these differences lies in the different shape and 
size of the plume in radial direction which leads to different 
patterns of hot exhausted gases. The resulting heat flux dif-
ferences are about 35% on the base plate and the planar fin’s 
leading edge up to 120% on the launcher body.

The results of the simulations carried out with the two 
equations turbulence models SST and Wilcox k − � are 
shown in Fig. 15b. The heat flux pattern is very similar, nev-
ertheless the use of Wilcox k − � leads to higher values on 
the cylindrical body above the folded legs connection point. 
On the leading edge, the heat flux provided by Wilcox k − � 
has a similar distribution compared to the case with SST, but 
the peak value is 17% lower. The major discrepancies appear 
in the external flow field, where the stand-off distance of the 
bow shock is larger for Wilcox k − � and in the region where 
the barrel and the oblique shocks come in contact the Mach 
flow field is less smooth. On the other hand, the radial size 
of the plume is comparable. This causes the similar heat flux 
patterns on the lower part of the vehicle.

The data collected by means of this sensitivity analysis 
highlight the presence of significant modelling uncertainty 
due to turbulence models. The lack of experimental data 
does not allow the assessment of which turbulence model 
provides the most accurate representation of the physi-
cal flowfield. Future work in the RETALT project aims to 
accommodate the strong need for validation data by means 
of a campaign of dedicated experiments.

The use of the Spalart–Allmaras model, as a baseline for 
the CFD simulations which make up the aero-thermal data-
base, is preliminarily justified by indications from compari-
sons to LES data in previous studies [4]. The influence of the 
turbulence modelling for the aerodynamic trajectory phase 
(no operational engines) is expected to be significantly less.

3.3.3  Aerodynamic (un‑propelled) flight phase

The first retro-burn phase is followed by a second un-pro-
pelled phase. Point #5 is chosen at an altitude of 22.96 km, 
where the free stream static pressure and density are one 
order of magnitude larger than the respective ones at point 
#4. The pressure coefficient is higher than for CFD points 
#1–4, the maximum value on the base plate is 1.77, whereas 
on the planar fin it is 1.29. Streamlines shown in Fig. 16a 
show that the bow shock is close to the base plate and the 
flow passes through the cluster of thrust nozzles. The Mach 
number distribution in Fig. 16a shows a complex pattern of 
shocks and rarefaction waves in the folded legs region.

Fig. 15  Sensitivity analysis on turbulence modelling, heat flux sur-
face distribution and Mach field (h=35km, Mach=4.7, T

w
= 600K)
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The heat flux contour plot and the temperature field in 
the symmetry planes are shown in Fig. 16b. Although the 
temperature behind the shock is lower compared to CFD 
points previously analysed, thermal loads on base plate 
and planar fins are significant, qplanar fin = 280 kW∕m2 and 
qbase plate = 360 kW∕m2 respectively. The stagnation zones 
that form behind the shock move close to the base region and 
a backflow develops around the central engine and spreads 
radially towards the external nozzles. This high heat flux 
value on the base plate has three main reasons: the absence 
of the protective retro plume; the larger density compared to 
the retro-burn cases in the vicinity of the base; and the flow 
velocity directed towards the base structure (contrary to the 
flow field with plumes).

3.3.4  Time histories of heat loads

The time histories of the averaged heat fluxes on the base 
plate and on a planar fin, during the descent trajectory, are 
shown in Fig. 17. Considering the base plate (Fig. 17a), it 

is possible to observe that the average heat flux remains 
approximately constant during retro-propulsion because 
of the exhaust plume shielding effect. Once the engines 
are turned off, the average heat flux goes through a sud-
den increase due to the presence of the bow shock and the 
associated aero-thermal heating close to the base plate. 
Between trajectory points #5s-5, the average heat flux 
slightly decreases, indeed in this part of the trajectory, the 
flow conditions do not change significantly, and then rapidly 
declines due to the strong reduction of the flight velocity.

Before discussing the averaged heat flux time evolution 
on a planar fin (Fig. 17b), it is worth specifying that in these 
cases the averaging process provides information that needs 
to be read with caution. In fact, the heat flux on the planar 
fin reaches high values along the entire leading edge with a 
peak around the tip, elsewhere the heat flux is significantly 
lower. Because of the presence of strong local effects, the 
time histories of averaged heat flux on the leading edge are 
provided for both the wall temperatures (200K and 600K) 
and are represented by dashed lines.

Fig. 16  RETALT1 descent flow 
field structure (low altitude 
mode, h=23km, Mach=4.3), 
aerodynamic phase

Fig. 17  RETALT1 time 
histories of average heat flux 
for constant wall temperatures - 
descent phase
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Fig. 17b shows that the averaged heat flux on the overall 
planar fin increases for the entire retro-propulsion duration 
due to the fact that the aerodynamic control surface directly 
face the incoming flow being heated in the upstream stagna-
tion zone. After having reached the maximum heat flux at 
the end of the retro burn, it drops because hot exhaust gases 
are blown away. The curves in Fig. 17b exhibit a plateau 
between trajectory points #5s-5, then they show different 
trends depending on the wall temperature.

For Tw = 600K (red line) the average heat flux decreases 
because of the strong reduction in flight velocity. Concerning 
Tw = 200K (blue line) the average heat flux starts increasing 
again and reaches a local maximum. This effect is due to 
the heating provided by the surrounding atmosphere; in this 
case, the air is hotter than the planar fin.

The time histories of the averaged heat flux on the leading 
edge (dashed lines) follow the same qualitative trend of the 
overall fin, but levels are significantly higher ( ≈ 86% evalu-
ated at the peak) proving that this region is the most critical 
in terms of thermal loads.

3.3.5  Exemplary application of the aero‑thermal database

The detailed local heat flux data from the CFD analyses 
are organized in an aero-thermal database. This allows esti-
mating the local heat flux at each point of the surface as a 
function of the current flight time and the local wall tem-
perature. This surrogate model for the aero-thermodynamic 
heating can be easily coupled to a structural response model 
to evaluate the temperature history during atmospheric flight 
for each location on the vehicle surface.

To illustrate the coupling process and the application of 
the aero-thermal database, the local surface temperature his-
tory of RETALT1 is computed during the entire atmospheric 
ascent and return flight. A simple lumped mass method that 
represents the instantaneous heating of a 5 mm aluminium 
structure was employed as the structural response model for 
this example. The material properties are summarized in 
Table 1.

The temperature distribution near the end of the atmos-
pheric flight is shown in Fig. 18 which is made up of 4 
frames: the trajectory point (top-right corner), the overall 
launcher (middle), planar fins (top-left corner) and base 
plate/nozzles cluster (bottom-left corner). For every frame, 
a suitable contour scale is used.

The highest temperature occurs on the leading edge of the 
planar fin, close to the tip, with a peak of 1500K. Concern-
ing the base plate, high temperatures are reached in the area 
enclosed by the engines cluster especially along Y-axis. The 
external surfaces of the nozzles which are not operational 
during the retro-burn experience peak temperatures of 800K 
close to the nozzle exit. The central body, from the top up to 
the folded legs, is characterized by an average temperature 

of 300K, higher values can be found in the final part of the 
launcher.

4  Conclusion

A fast-response surrogate model for the aero-thermody-
namic heating of the RETALT1 launcher, during both the 
ascent flight and the atmospheric entry, has been created. 
This model is based on an aero-thermal database (ATDB) 
consisting in a large set of steady-state CFD results for the 
surface heat fluxes for different flight regimes and surface 
temperatures. Interpolation algorithms allow the estimation 
of heat loads as a function of the flight time and local sur-
face temperatures. The computational matrix covered the 
entire RETALT1 flight trajectory. CFD simulations were 
performed mainly around peak heating and at critical flight 
conditions, whereas scaling laws are used to evaluate ther-
mal loads in flight conditions characterized by low heating 
rates.

Representative flow field solutions were analysed in 
detail, and typical phenomena were highlighted. During 
the ascent phase, it is possible to distinguish two different 

Table 1  Material properties used for the exemplary lumped-mass 
thermal analysis

Surface emissivity � 0.2 (−)

Wall thickness � 5 (mm)
Density � 2600 (Kg∕m3)

Heat capacity c 900 (J/Kg/K)

Fig. 18  ATDB application - RETALT1 surface temperature distribu-
tion
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flow modes: low altitude and high altitude. Low altitudes 
are characterized by a large atmospheric ambient pres-
sure, the exhaust plumes are confined and the intensities 
of plume–plume interactions on the launcher base plate are 
limited, resulting in relatively low heat fluxes. At higher 
altitudes, the ambient pressure is lower and the plumes 
significantly spread out resulting in strong plume–plume 
interaction. The thermal loads on the base plate are signifi-
cantly higher and the heating pattern is closely related to the 
recirculation regions which redirect the hot exhaust gases 
towards the surface.

These flow modes can also be recognized during the entry 
flight. Presented results show that retro-burns tend to pro-
tect the base area of the launcher from excessive heat loads 
whereas the hot exhaust gases may cause significant leading-
edge heating at surface protrusions and control surfaces. The 
flow field conditions at the end of the retro-burn provide the 
most critical thermal load on the leading edge of the planar 
fin. The heat flux predictions during the retro-burn maneuver 
are subject to large uncertainties. This is primarily due to 
the impact of RANS turbulence modelling. Further work is 
required to assess and qualify standard RANS models for 
these flows.

During the aerodynamic phase following the retro-burn, 
the absence of a shielding retro plume, combined with the 
higher density due to the lower altitude and the flow velocity 
directed towards the base structure leads to high heat fluxes 
in the base area.

The turbulence modelling sensitivity analysis highlighted 
considerable changes on the external flow field structure 
depending on the turbulence model used. Major differences 
can be observed also in the heat flux pattern on the lower 
part of the vehicle. This significant modelling uncertainty 
requires additional assessment and validation. Therefore, 
several ground test campaigns are planned within the 
RETALT project to address this issue. The resulting data 
are expected to contribute to the empirical knowledge about 
the applicability of RANS turbulence models for the present 
flow phenomena.

Finally, the ATDB has been successfully coupled with a 
simple structural response model to compute the temperature 
history on RETALT1 surface.

At the current state-of-the-art, the ATDB represents a 
valuable tool for the preliminary evaluation of the thermal 
loads occurring on the launcher surface and the identifica-
tion of critical flow conditions. Accurate load evaluations in 
a technical design process require a reduction of prediction 
uncertainties which are predominantly caused by turbulence 
modelling assumptions.
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