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Abstract
The Reusability Flight Experiment (ReFEx) is currently under development at the German Aerospace Center (DLR). A 
coupled experimental and numerical campaign was carried out to investigate the surface heating on the payload geometry 
during return consisting of a forebody and canard. In this way, numerical tools for a post-flight analysis can be preemp-
tively improved where required. Experiments were undertaken at the High Enthalpy Shock Tunnel Göttingen (HEG) on a 
1:4 scale model with the use of temperature sensitive paint on the payload geometry to obtain surface heat flux. The model 
configuration was varied in angle of attack and canard deflection. Laminar and turbulence-model solvers in the DLR-TAU 
code were used for the numerical simulations. This investigation focussed on the shock–shock interaction of the nose bow 
shock with the leading-edge shock of the canards showing significant surface heat flux along the canard. Larger surface heat 
fluxes were measured in the experiments downstream of the shock interaction on the canard, than obtained from the laminar 
CFD calculations. This was attributed to transition of the boundary layer within the interaction regions, in the presence of 
significant adverse pressure gradients. Other flow features along the forebody in the vicinity of the canard were qualitatively 
matched better by the fully-turbulent numerical solutions than the laminar ones. This work aims to demonstrate the extent 
to which the numerical and experimental tools assist useful insights into flow phenomena during the return stages of the 
ReFEx payload geometry, and the aspects for which improvements are required.
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1  Introduction

The Reusability Flight Experiment (ReFEx) is intended to 
demonstrate aerodynamic control in the return phase of the 
trajectory of a reusable launch vehicle (RLV). An aerody-
namic controlled RLV offers an alternative to propulsive 

return, as indicated by preliminary studies by the German 
Aerospace Center (DLR) [1, 2]. The ReFEx RLV comprises 
the first stage of a 3-stage vehicle, with a two-stage booster 
configuration. Given that cost-intensive payloads are fore-
seen to be packaged into the first stage, safe return of this 
stage is of paramount importance. A schematic of the first 
stage of the ReFEx vehicle is shown in Fig. 1.

There are currently two main methods for controlled 
return of first stage payloads  [4]. With vertical-takeoff-
vertical-landing (VTVL), the payload is controlled during 
its return with a propulsion system. The development of a 
VTVL demonstrator is currently allocated to the scope of 
the CALLISTO Project within the DLR, CNES and JAXA 
Consortium. The second method is based on vertical-take-
off-horizontal-landing (VTHL) and is the subject of the 
ReFEx project. In this way, DLR is able to build scientific 
and technical expertise in the development and flight testing 
of both types of RLVs.

During the return phase of the flight experiment the 
first stage will be subject to a hypersonic freestream and 
is required to decelerate in a controlled manner to landing. 
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This requires control surfaces (canards, see Fig. 1) on the 
forebody of the first stage. It is required to understand the 
aerothermodynamic loads on the forebody and canards dur-
ing high-speed return.

This work presents a joint experimental and numerical 
study that was conducted for further insight into the aero-
thermal loads at various configurations relevant to the return 
phase of the ReFEx trajectory. Experiments were conducted 
on a 1:4 scale model with the intention to assist numerical 
re-building and specifically the prediction of flight vehicle 
heat loads. Such numerical models are foreseen for post-
flight analyses.

2 � Experimental details

2.1 � High Enthalpy Shock Tunnel Göttingen (HEG)

The High Enthalpy Shock Tunnel Göttingen (HEG) was 
allocated for experimental testing of the ReFEx payload sec-
tion. The HEG is a free-piston-driven shock tunnel and was 
commissioned for the simulation of hypersonic freestream 
conditions relevant to reentry conditions. More information 
on the HEG has been published by the DLR [5]. A schematic 
overview of the HEG is shown in Fig. 2.

In this work, results will be presented based on tests 
conducted in freestream conditions representative of 
atmospheric reentry up to 30 km altitude at Mach 7.4 with 
a stagnation specific enthalpy of approximately 3.0 MJ/
kg. This condition is shown in relation to an amalgamated 
return corridor [2] in Fig. 3. The location of the chosen 

Fig. 1   System overview of the ReFEx first stage as detailed by Bauer et al. [3]. The payload section is located at the forward portion of the vehi-
cle

Fig. 2   Schematic overview of the HEG with main subsystems 
labelled
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test condition in relation to the return corridor is due to 
the currently available set of test conditions of the HEG.

While the chosen HEG test condition does not represent a 
specific point on the ReFEx trajectory, the physical insights 
gained and modelling techniques used are expected to apply 
qualitatively to ReFEx trajectory points at a lower Mach 
number. Table 1 presents relevant reservoir and freestream 
parameters for the condition used in this work.

2.2 � ReFEx test model geometry

The experiments at the HEG were focused on the ReFEx 
payload forebody and its control surfaces (canards). This 
geometry is indicated within the dotted box in Fig. 1. The 
objective was to quantify the surface heating loads expe-
rienced by the forebody during various configurations of 
the payload during flight. This meant that angles of attack, 
canard deflections and roll configurations (belly-up and 
belly-down) had to be considered. A subset of the results 
available to date are presented in this work.

The test model used for HEG experiments was a 1:4 scale 
model. Temperature sensitive paint (TSP) was the main 
diagnostic used from which surface heat flux on the forebody 

and a single canard was measured. A limited number of ther-
mocouples (Type E, coaxial) and pressure transducers were 
placed on the model. These are indicated in Fig. 4.

Furthermore, the forebody was divided into two parts, 
one on which the instrumentation was installed (the green 
part in Fig. 4) and the surface onto which the TSP was 
applied, which included the canard. To replicate the flight 
geometry accurately, flight instrumentation ports and canard 
mounting structures were included in the test model and 
scaled accordingly from the flight geometry. A structural 
analysis was performed during the model design process to 
ensure that it would withstand the aerodynamic loads dur-
ing a test in the HEG. Observations of reference markers on 
the model with the cameras from the temperature sensitive 
paint system (see below), showed the model to undergo no 
deformation or translation along the streamwise direction 
during the steady test time. No unexpected changes to the 
model geometry were observed during the tests at the HEG.

2.3 � TSP and optical system

The base layer for the TSP was coated onto the model sur-
face and machined to the model contour. The TSP was then 
applied to the base layer for each test. An important con-
sideration of TSP coatings is that the base layer acts as an 
insulator to the model surface [6]. The base layer thickness 

Fig. 3   An amalgamated reentry corridor [2] including the test condi-
tion used in this work

Table 1   Selected nominal 
operating conditions of HEG at 
M = 7.4

Condition A

p
0
 (MPa) 28.4

T
0
 (K) 2582

h
0
 (MJ/kg) 3.0

M
∞

 (–) 7.4
T
∞

 (K) 248
�
∞

 (g/m3) 43.2
u
∞

 (m/s) 2350
Re

m
 (1/m) 6.4 × 10

6

Fig. 4   Overview of instrumentation and key features of the ReFEx 
forebody geometry. The left- and right- hand sides of the model are 
shown. Thermocouple positions are indicated by “TC”



	 D. Surujhlal et al.

was targeted to be 100 μ m and this was confirmed based on 
measurements along the model and canard. Figure 5 shows 
that, for the chosen base layer thickness, conduction of heat 
flux through to the model surface would happen after 7 ms, 
and therefore, after the tunnel test time. TSP composition 
development [6, 7] and time response calibration [8–10] 
informed the post-processing routines developed for the TSP 
results in this work.

Given the complex three-dimensional ReFEx geometry, 
multiple cameras were set up around the HEG test section 
to capture the emission from the TSP surface at different 
angles. This meant that the model geometry can be three-
dimensionally reconstructed and facilitate further compari-
son with results from three-dimensional TAU computations 
[11]. The setup of the cameras in relation to the test section 
and model is shown in Fig. 6.

Surface heat-flux measurements were obtained from a 
temporal integration scheme of the temperature history for 
each pixel imaged from the measurement surface [12]. An 
in-situ calibration of the base layer following the procedures 
as detailed by Schramm et al. [6] and Ozawa et al. [7] was 
carried out. The base layer properties contained in the term 
�
b
c
b
k
b
 was estimated for each camera system individually 

and was obtained to be 1035 J/m2 K s1∕2 for the top camera. 
The base layer property estimations were iteratively solved 
to within ±  32 J/m2 K s1∕2 and the estimated uncertainty in 
the derived heat-flux was 5 % [7].

3 � Numerical modelling

The numerical results presented in this paper are all based 
on the DLR flow solver TAU, which is a three-dimensional 
parallel hybrid multigrid code. The DLR TAU code has been 
validated in detail over the last decades. Information about 

the validation of supersonic flow simulation with TAU can be 
found, for example, in Gerhold et al. [13], Melber et al. [14] 
and Schwamborn et al. [15]. For an extensive validation of 
the TAU solver for hypersonic flows, Reimann et al. [16] and 
Mack et al. [17] can be taken as references. In Mack et al. [17] 
the heat flux, which is the focus of the current paper, is high-
lighted in detail for the validation using diverse geometries as 
well as flight conditions. The methods applied in the TAU code 
and in general in CFD are based on the fundamental governing 
equations of fluid dynamics. The reader is referred to subject 
matter-specific text books, see for example Pope [18]. The fol-
lowing summary cites reference Jack et al. [19]: DLR TAU is 
a finite volume solver, which solves the unsteady Reynolds-
averaged Navier–Stokes equations (RANS)

in each finite cell volume dV of the simulation domain V. In 
Eq. (1) w denotes the vector of conservative variables and 
F that of the fluxes over the cells surface Ω with the surface 
normal vector n. Furthermore, the relations

(1)
�

�t ∫V

wdV + ∮
Ω

FndΩ = 0

(2)w =

⎛⎜⎜⎝

�

�v

�E

⎞⎟⎟⎠

(3)F =

⎛⎜⎜⎝
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𝜚Ev

⎞⎟⎟⎠
−
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Fig. 5   Thermal penetration depth chart showing possible base layer 
thickness for a temperature change of Δ T = 1 K at the lower side of 
the base layer at the end of the test time for a constant heat flux of 
2.0 MW/m2

Fig. 6   Overview of optical setup for image acquisition of TSP emis-
sion. Three high-speed cameras were mounted around the test section 
of HEG
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are given where � is the density, v the velocity, E the energy 
and T the temperature of the fluid. The stress tensor � is 
calculated from the local velocity gradients and the fluid’s 
viscosity � as follows:

The investigated test cases in this work were all conducted 
at a total enthalpy of approximately 3.0 MJ/kg (see Table 1), 
at which the gas can be assumed to be perfect. Thus the 
perfect gas model is used for which the following equations 
of state apply:

The viscosity of the fluid was modelled using

which is the Sutherland equation. For the heat conduction

a constant Prandtl number Pr was used as shown in Eq. (8), 
wherein the specific heat capacity at constant pressure was 
defined as

In this paper laminar and turbulent approaches for the 
boundary layer are applied. To enable simulations of turbu-
lent flows without resolving all time- and length-scales, the 
Favre averaging of the primitive variable Φ is introduced, 
that decomposes its instantaneous local value into an aver-
aged part Φ̃ and a fluctuating part Φ��.

Introducing the described averaging into the system of con-
servation equations, the flux density vector is extended by 
the turbulent part F

t
.

(4)𝜎 = 𝜇(∇⊗ v + v⊗ ∇) −
2

3
𝜇(∇ ⋅ v)I.

(5)p = �RT

(6)E = cpT +
1

2
(v ⋅ v)

(7)� = �
ref

T
ref

+ C

T + C

(
T

T
ref

) 3

2

(8)� =
�cp

Pr

(9)cp = R
�

� − 1
.

(10)Φ = Φ̃ + Φ
��

(11)with Φ̃ =
�Φ

�

(12)and Φ(x, t) = lim
N→∞

1

N

N∑
i=1

Φi(x, t).

Due to the short measurement times of the HEG, the model 
wall temperature for all test cases was assumed to be isother-
mal at 293 K which is termed a cold wall condition since 
the wall temperature is low relative to the stagnation tem-
perature of the test gas. Hybrid grids, using tetrahedrons and 
prisms, with about 12 million points were applied. The grids 
are especially clustered towards the nose and the leading 
edges (see Fig. 7). The first layers of the boundary layer were 
arranged such that a linear temperature distribution from cell 
to cell was provided, beginning with the assumed cold wall.

During the ReFEx project various grid studies were per-
formed, including the flight geometry grid as well as wind 
tunnel model grids. The grid studies were performed for 
the whole range of the planned trajectory with varied Mach 
numbers as well as angle of attacks (see for example Warte-
mann et al. [20]). The grid study for the applied meshes was 
performed with four different grids for the test case with 
AoA � = 0

◦ and � = 0
◦ . Two aspects are taken into account 

for the grid study: the aerodynamic coefficients as well as 
the heat flux. The aerodynamic coefficient Cx is summarized 
for the four different grids in Table 2. The medium grid and 
the final chosen grid delivers nearly the same value of this 
coefficient. Here the value of the coefficient Cx differs only 
by 0.3 %. Additionally the heat flux was investigated for the 
grid study, which is summarized in Fig. 8. For the final grid 
4 the same contour colour distribution as for all main results 

(13)F
t
=

⎛⎜⎜⎝

0

�
t

ṽ�
t
− cp

�
t

Pr
t

∇T̃

⎞⎟⎟⎠

(14)with 𝜌𝜎
t
= 𝜌v�� ⊗ v��

(15)and �k̃ =
1

2
�(v�� ⋅ v��)

(16)and �
t
= �

k̃

�
.

Fig. 7   Example of surface grid
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discussed in this paper was applied in Fig. 8. Further to this, 
the black contour lines illustrate the result for the medium 
grid 3, whereas the white contour lines mark the result for 
coarse grid 1. There are clearly visible differences between 
the contours for each of the grids, such as the definition 
of the structures A and B which were well-defined for the 
final grid 4 and which merged together for the coarse grid 
1. Therefore, the finest mesh with 12 million grid points 
was chosen. Additionally, at two slides (near the positions 
A and B along the canard: y = − 0.073m and y = − 0.081m ) 
a comparison of the heat flux for grid 1 and 3 in Fig. 9 is 
shown. Grid 1 and 3 are chosen to illustrated the differences, 
because between grid 3 and 4 no differences are visible 
along the chosen y-coordinates.

A constant turbulent Prandtl number Pr
t
 is used in all 

simulations with turbulent boundary layers. The one-equa-
tion Spalart–Allmaras model was chosen as a turbulence 
model [21]. A single model transport equation was solved 
for the turbulent viscosity. For a detailed description see, 
for example, Pope et al. [18]. The effect of the chosen turbu-
lence model on calculations with the ReFEx geometry was 
investigated in Wartemann et al. [20], where different free 
stream conditions were analysed with various turbulence 
models. The highest detected difference between the models 
based on the aerodynamic coefficient Cx was about 2 %, and 

for all other coefficients the differences were lower depend-
ing on the investigated free stream condition. Furthermore, 
the k − � turbulence model was investigated revealing dif-
ferences compared with the Spalart–Allmaras model. This 
comparison regarding the surface heat flux on a 0◦ canard 
is shown in Fig. 10. The features at the canard appear more 
defined for the Spalart–Allmaras model, as indicated by the 
two arrows in Fig. 10a. The contours are scaled to the same 
range as the experimental images. The better definition of 
the features on the canard surface which corresponded to 
the experimental images meant that the Spalart–Allmaras 
turbulence model was carried forward for all turbulence 
calculations.

4 � Results

4.1 � Calibrated surface heat flux

As described in Sect. 2.3, the proximity of the thermocouple 
TC 5 with the TSP surface on the forebody enabled an in-
situ calibration of the base layer material properties, such 
that heat flux could be extracted from the TSP intensity 
images. The basis for this calibration was, therefore, the heat 
flux signal from the thermocouple. This is plotted in Fig. 11, 
also showing the mean and standard deviation bounds of the 
mean heat flux. To assess CFD validation of the surface heat 
flux, this was compared with the heat flux from the thermo-
couple, and is plotted in Fig. 11. The heat flux time signal 
from the thermocouple was filtered with a Savitzky–Golay 
filter with a window length of 101 samples and a polyno-
mial of order 6. This shows that the CFD result somewhat 
underpredicted the mean heat flux measured by the ther-
mocouple, but is within a single standard deviation of the 
mean. Surface heat flux extracted from the CFD solution 

Table 2   Grid study: aerodynamic coefficient C
x

Grid name Grid points in 
millions

C
x

ΔC
x
 (%)

Coarse grid 1 2.1 − 0.295 3.5
Coarse grid 2 4.5 − 0.288 1.0
Medium grid 3 8.5 − 0.286 0.3
Final grid 4 12.0 − 0.285 –

Fig. 8   Grid study: heat flux distribution

Fig. 9   Grid study: heat flux along y = − 0.073m and y = − 0.081m
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was sampled at the same geometrical location on the body 
as the thermocouple. The locations were based on identical 
body-fixed coordinates, as shown in Fig. 4. A comparison of 
the heat flux field derived from the TSP with that extracted 
from the CFD solution is shown for the case with the model 
body angle of attack (AoA) � = 0

◦ with canards at � = 0
◦ in 

Fig. 12. Here, the canard angle ( � ) is defined relative to the 
body angle ( �).

Along the forebody, there is a significant reduction in 
the heat flux in the downstream direction, corresponding 
to the favourable pressure gradient on the forebody and the 
expansion of the flow. This is reproduced in the numerical 
results. Both results in Fig. 12 show multiple shock–shock 
and shock wave/boundary layer interactions (SWBLIs) 
occurring in the vicinity of the canard. The result from the 
experiment displays a slight asymmetry due to the angle of 

the canard being adjusted to within ± 0.01
◦ . An important 

difference is that the measured heat flux field in Fig. 12a 
shows significantly higher surface heat fluxes than the CFD 
result, in regions of reattachment of the flow on the forebody. 
These regions are marked A in Fig. 12a. Related investiga-
tions on shockwave/boundary layer interactions (SWBLI) 
by Wagner et al. and Sandham et al. [22, 23] confirmed that 
a transitioning boundary layer undergoing reattachment can 
result in a higher surface heat flux than during laminar reat-
tachment. It is therefore expected that the larger measured 

Fig. 10   Comparison of different 
turbulence models regarding 
surface heat flux. a Spalart–All-
maras model; b k − � model

-2 0 2 4 6 8 10

10-3

0

5

10

15

104

Steady time

Fig. 11   Time signal of the thermocouple TC 5, filtered with a 
Savitzky–Golay filter with a window length of 101 samples and poly-
nomial order 6. This used for heat flux calibration of the TSP diag-
nostic. Mean and signal standard deviation bounds for the heat flux 
are also shown, as well as the value extracted from the CFD solution. 
Model AoA was � = 0

◦
± 0.01

◦ with canards at � = 0
◦
± 0.01

◦

Fig. 12   Field comparison of mean heat flux as calculated from TSP 
(above) and from the CFD solution for a model AoA � = 0

◦
± 0.01

◦ 
with canards at � = 0

◦
± 0.01

◦ . Colour mappings are based on the 
same scales. Freestream flow is from left to right, as indicated by the 
arrows at the top left of each subfigure
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surface heat flux was due to a locally-transitional boundary 
layer. Boundary layer transition was not considered in the 
current CFD simulations.

It is also noteworthy that the reattachment of the flow out-
board of the step on which the canard is mounted (marked 
B and C in Fig. 12a) is also a source of significant surface 
heat flux, which is again measured larger for the experiment 
than computed in the CFD result. A significant separation 
region is observed to exist upstream of the step mounting the 
canard and originating at the canard leading edge (marked 
S in Fig. 12a). This is well-described by the CFD result, 
matching the form of the separation region measured in the 
experiment. Overall, the CFD solutions were found to com-
pare qualitatively well with the experimental results.

4.2 � Overview of the shock–shock interaction 
at the canard

To obtain a broader impression of the flow around the 
ReFEx forebody, the 3-D field CFD solutions were exam-
ined, together with the different view perspectives obtained 
from different cameras mounted on the HEG test section 
(see Fig. 6).

A few main flow features are discussed pertaining to 
Fig. 12. In this section, particular examination is made of 
the shock–shock interaction at the canard. This interaction 
exists due to the nose bow shock interacting with the leading 
edge shock of the canard. An overview of this situation is 
shown in Fig. 13.

The pressure contours plotted on the z-plane show large 
pressure increases on the canard and it presents a critical 
location for examination of surface heat flux. The boundary 
layer development on the swept canard is impacted by large 
adverse pressure gradients, and the possibility of separation 
makes this a critical vehicle surface from an aerodynamic 
perspective.

The canard shock–shock interaction was examined in the 
context of Fig. 14. In Fig. 14a, a pressure isosurface (with 
p = 20 kPa) illustrates the bow shock generated at the nose 
of the forebody. This envelops the forebody, with supersonic 
flow downstream of the weak oblique portions of the shock. 
The supersonic flow downstream of the nose bow shock 
gives rise to a second shock generated at the leading edge 
of both canards. The two shocks (nose bow shock and canard 
leading edge shock) interact leading to intense heating on 
the canard surface. This is examined in Fig. 14b which is 
extracted from the laminar CFD solution. The mean heat 
flux measured from the TSP is shown in Fig. 14c. This is a 
top view of the forebody and canard.

The canard leading edge heating is evident due to the 
presence of the leading edge shock. The TSP molecules 
reached their excitation limit and this meant that there was 
no signal obtained at the regions of excessive surface heat 

loads. The key features of the shock–shock interaction on the 
canard are labelled A, B and C. Feature A corresponds to the 
impingement of the nose bow shock with the canard leading 
edge shock. This results in intense heating in this region on 
the canard downstream of its leading edge. Due to the pres-
ence of this interaction, separation of the boundary layer is 
expected inboard of the shock impingement location at A. 
The resulting outboard reattachment of the boundary layer 
is labelled as feature B. This was confirmed by plotting the 
skin friction lines on the canard, as shown in Fig. 16. The 
divergence of the streamlines corresponds to the reattach-
ment zone [24] and resulted in an increased surface heat 
flux. This was shown to persist for a longer distance in the 
streamwise direction for the TSP data obtained from the 
experiment at HEG than shown in the CFD result. This is 
attributed to the possible transition of the boundary layer on 
the canard resulting in higher momentum of the reattached 
flow and non-localised heating shown in the experiment. 
The reattaching flow on the canard interacts with the out-
board flow downstream of the leading edge shock and the 
difference in momentum of these two regions results in the 
development of a vortex, labelled as C in Fig. 14b and c. 
Lower surface heating was predicted by the laminar CFD 
solution for the region C. Further proof of the existence of 
feature C corresponding to an outboard vortex is depicted 
in Fig. 15, showing an isosurface of streamwise vorticity 
( �x = 2 × 10

6
s
−1 ) on the canard. The isosurface is coloured 

by heat flux contours and illustrates that the feature observed 
as a reduced surface heat flux from the TSP image on the 
outboard region of the canard corresponds to an outboard 
vortex.

Fig. 13   Overview of the shock–shock interaction involving the nose 
bow shock with the leading edge shock at the canard. The z-plane 
shows contours of pressure. The y-plane shows contours of stream-
wise velocity. Model AoA � = 0

◦ , canard angle � = 0
◦
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To investigate the possibility that the boundary layer 
along the canard transitions to turbulence due to the 
shock–shock interactions, a turbulent CFD calculation was 
carried out. The Spalart–Allmaras turbulence model was 
used with the same surface grid and with the ReFEx payload 

geometry configured with a model AoA � = 0
◦ and canard 

angle � = 0
◦ . The surface heat flux contours on the canard 

are shown in Fig. 17
The shock impingement location A results in a larger 

separation region indicated by the larger extent of the high 
surface heat flux region, compared with the laminar CFD 

Fig. 14   Detailed view of the 
shock–shock interaction at the 
canard. a Isosurface of pressure 
( p = 20 kPa) illustrating the 
nose bow shock and its envelop-
ment of the ReFEx forebody 
as well as the diffraction of 
the shock surface due to the 
shock–shock interaction with 
the canard; b surface contours 
of heat flux on the forebody; 
c heat flux contours derived 
from TSP data showing the 
ReFEx forebody as viewed 
from the top. Freestream flow is 
from left to right. Model AoA 
� = 0

◦
± 0.01

◦ , canard angle 
� = 0

◦
± 0.01

◦

Fig. 15   View of the shock–shock interaction at the canard with an 
isosurface of streamwise vorticity ( �x = 2 × 10

6
s
−1 ) illustrating that 

the surface feature named denoted C observed from the TSP corre-
sponds to an outboard vortex. The isosurface is shaded with contours 
of heat flux and is partially transparent for display purposes. Model 
AoA � = 0

◦
± 0.01

◦ , canard angle � = 0
◦
± 0.01

◦

Fig. 16   Detailed view of the shock–shock interaction at the canard 
with lines of skin-friction at the surface of the canard superimposed 
on contours of surface heat flux. Model AoA � = 0

◦ , canard angle 
� = 0

◦
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solution. This is typical of hypersonic shockwave/turbulent 
boundary layer interactions [22, 24]. The reattachment vor-
tex B also results in non-localised heating and is attributed 
to the higher momentum of the boundary layer compared to 
the laminar case. The outboard vortex C is notably weaker 
than with the laminar case, and could be explained by the 
generally higher momentum of the near-wall flow along all 

outboard regions of the canard, which acts to diffuse the 
roll-up of the vortex in this region.

The features A, B and C in Fig. 17 are not as distinctly 
demarcated as they are in the mean heat flux field obtained 
from the TSP image in Fig. 14. However, the fact that the 
features are non-localised in terms of surface heating is qual-
itatively captured by the turbulent solution. In the absence 
of a definitive conclusion on the status of the boundary layer 
along the canard, it is deemed satisfactory to use the laminar 
CFD solutions for further qualitative comparisons.

4.3 � Shock–shock interaction with variation 
in model configuration

Examination of the shock–shock interaction at the canard 
was carried out for model configurations with:

•	 Model AoA � = 0
◦ , canard angle � = 15

◦

•	 Model AoA � = 17.17
◦ , canard angle � = 0

◦

Here, the canard angle ( � ) is defined relative to the body 
angle ( �).

Mean surface heat flux contours derived from the TSP 
data are shown in Fig. 18. The nose bow shock impingement 
on the canard is labelled A in Fig. 18a, b. In both cases, 
the leeside of the canard surface is viewed, meaning that 

Fig. 17   Detailed view of the shock–shock interaction at the canard 
with surface contours of heat flux on the forebody and canard. Model 
AoA � = 0

◦ , canard angle � = 0
◦ . The Spalart–Allmaras turbulence 

model was used in this case

Fig. 18   Overview of the 
surface heat flux on the canard 
derived from TSP with different 
configurations of the forebody. 
a Model AoA � = 0

◦
± 0.01

◦ , 
canard angle � = 15

◦
± 0.01

◦ ; b 
model AoA � = 17.17

◦
± 0.01

◦ , 
canard angle � = 0

◦
± 0.01

◦ . 
The canard angle ( � ) is defined 
relative to the body angle ( � ). 
Freestream flow is from left to 
right
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the flow is expanding over the canard upper surface. This 
results in a limitation of the regions of high heating due to 
the shock–shock interaction at the canard, as compared with 
Fig. 14c, for example. The reattachment vortex is marked B 
and appears differently based on model angle of attack. In 
Fig. 18a, the vortex B undergoes a gradual reduction in heat 
flux in the streamwise direction However, in Fig. 18b, the 
vortex B creates a large and persistent surface heating due 
to the stronger bow shock generated by the model with a 
considerably larger angle of attack ( � = 17.17

◦).
These points were qualitatively matched in the RANS 

CFD solutions shown in Fig. 19. For the case with a model 

angle � = 0
◦ and canard angle � = 15

◦ (Fig. 19a), the sur-
face heat flux created by the vortex B reduces slightly in 
the streamwise direction but is lower than that measured in 
HEG. This streamwise surface heat flux remains approxi-
mately constant for the case with a model angle � = 17.17

◦ 
and canard angle � = 0

◦ (Fig. 19c), qualitatively consistent 
with the experimental observations from Fig. 18b. The 
lower side of the canards, i.e. the windward sides, dis-
play considerably larger surface heat fluxes, as shown in 
Fig. 19b, d, wherein the colour scales have been broadened 
in their range for clarity. These higher surface heat fluxes 

Fig. 19   Overview of the surface heat flux on the canard with differ-
ent configurations of the forebody. a, c Model AoA � = 0

◦
± 0.01

◦ , 
canard angle � = 15

◦
± 0.01

◦ ; b, d underside of the model with AoA 
� = 17.17

◦
± 0.01

◦ , canard angle � = 0
◦
± 0.01

◦ . The canard angle 

( � ) is defined relative to the body angle ( � ). Due to large heating 
of the canard underside, the colour scales of b, d were broadened 
accordingly
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are due to the additional compression of the flow along the 
lower side of the canard.

5 � Effect of belly‑up and ‑down 
configurations on shock–shock 
interaction at the canard

The return phase of the ReFEx payload is to involve a roll 
manoeuvre at angles of attack. This means that the payload 
geometry is to be configured with positive (belly-up) and 
negative (belly-down) body angles of attack. The effect of 
these configurations on the shock–shock interaction at the 
canard is discussed in this section.

For the cases presented in this section, the pixel values 
on an area of the canard windward surface are generally 
thresholded and blanked out (coloured white) due to satu-
rated TSP signals from these pixels. Furthermore, tempera-
ture contours are shown for all cases discussed in this sec-
tion as the calculation of heat flux resulted in large areas of 
thresholded pixels. Therefore, the interpretation given here 
is restricted to a qualitative one based on mean temperature 
fields extracted from the TSP images.

An overview of the thermal loading on the payload in the 
belly-down configuration is shown in Fig. 20. The thresh-
olded pixels are coloured white in this figure. The region 
of large temperatures (and therefore high surface heat flux) 
occurs in the vicinity of the impingement of the leading edge 
shock on the canard, as discussed for previous cases. This 
is indicated by A in the figure. The development of a vortex 

along the canard is shown indicated by C. The outboard 
turning of this vortex is evident in this case, but reduced 
compared to the case with � = 0

◦ , and � = 0
◦.

During the roll manoeuvre and the transition from 
belly-down to belly-up configurations, the canards will be 
deflected for aerodynamic control purposes. The examina-
tion of a deflected canard relative to the body angle is based 
on results shown in Fig. 21a, b. For these tests, the model 
was configured with the same angle-of-attack magnitude and 
the canards were accordingly deflected such that the both 

Fig. 20   Overview of the thermal loading on the payload in the belly-
down configuration. Model AoA � = − 17.50

◦
± 0.01

◦ , canard angle 
� = 0

◦
± 0.01

◦ ; Due to large heating of the canard windward surface, 
the absolute temperature contours are shown

Fig. 21   Overview of the thermal loading on the payload in the belly-
down configuration. a Model AoA � = 17.14

◦
± 0.01

◦ , canard angle 
� = − 24.57

◦
± 0.01

◦ ; b model AoA � = − 17.14
◦
± 0.01

◦ , canard 
angle � = 24.57

◦
± 0.01

◦ . Due to large heating of the canard wind-
ward surface, the absolute temperature contours are shown
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tests represent the same aerodynamic state of the model. 
This means that Fig. 21a shows the top view of the pay-
load and Fig. 21b shows the bottom view. The canards were 
deflected towards the windward side of the body.

The large deflection of the canards meant that a larger 
portion of pixels on the canard windward surface had to 
be thresholded. However, the location of the leading edge 
shock impingement with the canard leading edge shock can 
nevertheless be approximated as indicated by the label A in 
Fig. 21a. The canard outboard vortex is shown by C and it is 
expected that reattachment of the boundary layer occurs at 
a location between A and C. The stronger shock interaction 
of this case results in a significant portion of the windward 
side of the canard being subject to large thermal loading, and 
would constitute a critical case for the ReFEx payload in the 
same configuration at its maximum flight Mach number of 5.

For the case shown in Fig. 21b, the leeside of the canard 
displays multiple vortices, the most persistent of which is 
labelled V, originating from the inboard leading edge and 
persisting until the trailing edge. Here, the shock–shock 
interaction at the canard is marked A, although the tem-
perature contours indicate that the region of high heat flux 
would be limited in the streamwise spatial extent, as dis-
cussed for previous cases when examining the leeside of the 
deflected canard. Reattachment on the canard is indicated 
by B and high surface heat flux in this region is also limited 
in its spatial extent. Furthermore, the large deflection of the 
canard results in its shock wave impinging on the body of the 
payload, such that a separation vortex (labelled S) is evident 
in Fig. 21b. Reattachment and the resulting surface heating 
from the shockwave/boundary layer interaction occurring on 
the body of the payload model is evident towards the inboard 
edge of the canard to the right of the separation vortex S.

6 � Conclusion and outlook

An assessment of surface heat flux on a 1:4 scale model of 
the ReFEx payload geometry has been carried out in the 
High Enthalpy Shock Tunnel Göttingen (HEG). Surface 
heat flux was assessed with the use of temperature sensi-
tive paint (TSP) applied on the forebody and on a canard. 
Qualitative agreement was found to exist between RANS 
CFD simulations carried out at the same conditions as the 
experiments. Multiple flow features around the canard and 
its mounting structure were captured by the simulations. 
From the experiments, an extreme heat flux on the lead-
ing edge of the canard resulted in a localised loss of signal 
from the TSP in these regions. Regarding the RANS CFD, 
under the constraint of a laminar boundary layer at all loca-
tions on the geometry, the high surface heat loads measured 
in the experiments were not quantitatively reproduced by 
the CFD results. This was examined in detail regarding the 

shock–shock interaction at the canard, involving the nose 
bow shock and the canard leading edge shock. The transition 
to turbulence and the complex separation and reattachment 
phenomena presents a difficulty for RANS simulations to 
fully predict certain regions of local heating in the context 
of these complex phenomena. The Spalart–Allmaras tur-
bulence model was shown to be promising in providing a 
better qualitative match with experimental data, in particu-
lar regarding regions of non-localised surface heating. It is 
important to note these limitations for the ReFEx geometry 
for possible uncertainty reduction in post-flight numerical 
analyses. Qualitative comparisons were favourable and con-
clusions on spatial locations of regions with high surface 
heating agree with the experimental measurements. The 
aspect of transition near the leading edge of the canard is 
still to be addressed and is planned for future work.
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