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ABSTRACT 

The SHarp Edge Flight EXperiment of DLR has 

been established to demonstrate the feasibility of 

space vehicles with facetted Thermal Protection

System by keeping or improving aerodynamic 

properties. The TPS consists of simple flat panels 

with sharp edges and without any constrains in the 

system compatibility and reliability of space 

vehicles. This study presents the thermodynamic 

behaviour of SHEFEX during the re-entry range 28 

km down to 19 km using a multidisciplinary 

simulation. To compare the numerical with the 

experimental data flow and structural calculations 

have been performed using the flow solver TAU and 

the commercial thermal solver ANSYS controlled by 

a loose coupling environment. Major effects like 

influence of sensor response time, sensor position, 

and sensor projection are analysed to understand the 

potential source of errors in numerical modelling 

and their impact on the results. For the selected 

altitude range, the calculated temperature and heat 

fluxes compare good with the experimental data. 

1. INTRODUCTION 

Hypersonic systems are complex, difficult to design 

and expensive to build due to a lack in the physical 

understanding of the involved flow regimes and a 

lack of data for design. In order to improve the 

reliability of accessing space, problems related to 

vehicle servicing and refurbishing for instance, must 

be highly simplified and the time required for a 

design cycle has to be drastically reduced.  

SHEFEX was started from northern Norway Andøya 
Rocket Range on 27. October’05. It flew on top of a 

two-stage solid propellant sounding. The project is a 

low cost flight experiment, which should 

demonstrate the feasibility of space vehicles with 

facetted Thermal Protection System by keeping or 

improving aerodynamic properties. The TPS 

consists of simple flat panels with sharp edges and 

without any constrains in the system compatibility 

and reliability of space vehicles (Fig. 1). The main 

purpose was to enable the time accurate 

investigation of the flow effects and their structural 

answer during the hypersonic flight from 

approximately 80 km down to an altitude of 20 km. 

An additional goal of the experiment was to verify 

the potential of multidisciplinary design tools.  

Fig. 1 The SHEFEX forebody

In this study the thermodynamic behaviour of the 

structure during the re-entry is analysed using a 

loose coupled fluid-thermal simulation. For this the 

following energy balance between convection, 

radiation, conduction, and ablation is essential. 

..:.:.. AblCondwallgasRadgaswallRadConv qqqqq (1)

Only the term of ablation is neglected, the other 

components will be taken into account by the 

numerical calculation. However, at the beginning of 

the trajectory the convective heat flux is transferred 

near completely by conduction in the structure, 

because the surface temperature of the vehicle is of 

the order of the atmosphere temperature. 

Consequently, the radiation terms have no impact. 

2. DESCRIPTION OF THE EXPERIMENT 

The SHEFEX launcher is a two-stage solid 

propellant sounding rocket system. The launch 

vehicle consisted of a Brazilian S30 motor as first 

stage and an improved Orion motor as second stage. 

Between the facetted SHEFEX experiment and the 

second stage were two cylindrical modules which 

housed the recovery system, the main electronics, 

3093



the data acquisition devices, the power supply, and 

the cold gas system (Fig. 2).

Fig. 2 SHEFEX launcher and re-entry configuration

The vehicle reached an apogee of 211 km. The total 

flight time was 550 seconds, comprising 45 seconds 

of experimental time for the atmospheric re-entry 

between 90 km and 14 km. The first atmospheric 

effects on the acceleration sensors could be observed 

at 80 km. At that level the pitch and yaw angles (

and ) started to oscillate and unfortunately the roll 

rate started to increase, see Fig. 3.

Fig. 3 Re-entry description based on DMARS data 

The vehicle finally achieved a stable flight attitude 

with a decreasing precession around the flight vector. 

The flight data enable a detailed flight mechanic 

description of the complete flight. Data of 59 sensors 

distributed on the surface of the forebody like 

pressure transducers, thermocouples, and heat flux 

sensors were been recorded for analysis [Gülhan 
(2006)]. 

The flight velocity during the atmospheric descent 

varied around 1700 m/s. The Mach number, see Fig.
4, is relatively constant, approx. 5.6 from 100 km 

down to 50 km. Then it increases up to a maximum 

value 6.2 at 26 km. 

Fig. 4 Flow conditions during re-entry

For the numerical calculations and post-flight 

analysis the velocity vector is required. This is 

explicit defined by the transformed angles of attack 

and sideslip  which already include the effect of the 

roll angle . This transformation of  and  is 

published in [Barth & Eggers (2007)]. Fig. 5 shows 

the angles of attack and sideslip which are used in 

the following numerical simulations.  

Fig. 5 Angles of attack and sideslip [Barth & Eggers 
(2007)]

3. NUMERICAL INVESTIGATIONS 

In this section the thermodynamic behaviour of 

SHEFEX during a defined altitude range of the re-

entry is studied using a multidisciplinary simulation. 

This means that a coupled fluid-thermal calculation 

is applied. The numerical results are compared by 

experimental data.  
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3.1 General comments
In order to reduce the calculation effort a 2D 

configuration is preferred. The application of only a 

2D configuration is studied in detail in a previous 

paper [Barth (2007)]. For this Fig. 6 shows a 

comparison of results obtained using 2D and 3D 

configurations.  

Fig. 6 Comparison of 2D and 3D calculations to  heat flux 

and temperature on the lower surface of SHEFEX [Barth 
(2007)]

The results of the comparison pointed out that the 

heat flux and temperature distributions are only 

nearly identical for 2D and 3D simulations along the 

first third of SHEFEX. After that a 3D configuration 

has to be taken into account in order to obtain the 

correct results. Consequently, for the following 

coupled numerical calculations only a 2D 

configuration of the first third of SHEFEX is 

analysed. Hence, the numerical results can be 

compared by the experimental data of a heat flux 

sensor (consisting of thermocouples) and a 

thermocouple along the symmetry line (see Fig. 7).

Fig. 7 Position of the heat flux sensors and thermcouples

3.2 Coupling environment
The coupled simulation consists of the following 

four parts (see also Fig. 8):

the flow solver DLR-TAU
the structural solver ANSYS
and the Coupling environment developed 

within the IMENS project

which uses the commercial Multi-mesh 

Based Code Coupling Interface MpCCI
interpolation routine. 

Fig. 8 Description of the coupled simulation

These parts can be explained briefly as follows 

[Calvo (2006)]: 
TAU is a three-dimensional parallel hybrid 

multigrid code. It is a finite volume scheme for 

solving the Euler and Reynolds-averaged Navier-

Stokes equations.

Ansys is a commercial development and an analysis 

software which uses the Finite Element Theory. This 

software allows to study the physical behaviour of a 

structure model to a set of initial and boundary 

conditions applied by the user.  

Coupling environment is a loose coupled approach, 

in which the solutions are performed using different 

schemes. In the present study, the CFD solver DLR-

TAU calculates the surface heat flux, then its 

solution is interpolated using MpCCI and set as the 

boundary condition of the structural solver ANSYS. 

The structural solver gives the temperature 

associated with the applied heat flux, which is then 

interpolated and set as boundary condition to the 

flow solver. The DLR-TAU computes again the 

associated heat flux.   

MpCCI is an interpolation routine developed by the 

Fraunhofer Institut, and designed to couple different 

simulation codes like in this case (structure and flow 

solvers).

In addition to these four parts, the information of the 

trajectory (Mach number, angle of attack and so on) 

and the thermal properties (conductivity, specific 

heat capacity and so on) of the structure are 

necessary as input for the simulation algorithm. 

Finally, the coupled fluid-thermal calculation 

delivers the complete thermal behaviour of the 

structure and description of the flow. Fig. 9 shows in 

detail the algorithm of the coupled simulation along 

the trajectory. In the first step, the initial conditions 
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(trajectory and atmosphere) of the flow solver are 

defined. Then, the iterative calculation of the fluid-

thermal problem for each time step is carried out.  

Fig. 9 Algorithm of the coupled simulation along the 

trajectory

Hence, the following convergence criterion is 

defined for each time step: 
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where Tf  is the fluid temperature on the wall. If the 

convergence criterion is achieved (for instance 

0.001), the next time step (iteration) can be 

computed. However, the flight condition, mainly the 

angle of attack and the atmosphere values, are 

change in each time step. Consequently, every time 

step required a distinct calculation effort in order to 

achieve a converged solution. The relaxation is 

usefully for steady cases in order to obtain a smooth 

convergence. In case of unsteady solutions, the

relaxation factor may be set to near value of 1 and 

the time step should be chosen small enough. In this 

study, the flow is solved steadily and the thermal 

behaviour of the structure unsteadily, because the 

ratio between the characteristic time of the thermal 

conduction and the fluid dynamic is small [Savino 
(2005)], of the order of 10

-6
. This ratio is given as 

follows
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Here, k is the thermal diffusivity of the material, Rn

the curvature radius, V the velocity,  the thermal 

conductivity,  the density, and C the heat capacity. 

3.3 Structure model 
Fig. 10 shows the materials of SHEFEX-TPS and 

that of the included heat flux sensor of the first third 

of the vehicle which is (2D) investigated. The TPS, 

with a thickness of 3 mm, consists of the DLR’s 

Carbon Reinforced Silicon Carbide (C/C-Sic) 

material, which has demonstrated very moderate 

erosion behaviour at extreme heat loads in the past 

[Eggers (2006)]. On the other hand the heat flux 

sensor consists of a combination of Nickel (housing) 

and Nichrome/Constantan (thermopile). Because of 

that the thermal properties of the TPS and the sensor 

are different. Therefore, both materials will be 

heated-up at different speed and their wall 

temperatures have to be considered separately for 

the thermal model.       

Fig. 10 Material composition of SHEFEX

The inside of the vehicle is isolated by an 

Aluminium oxide (Al2O3) fibre with a thickness of 

27 mm. The complete thermal model is shown in 

Fig. 11.

Trajectory:
H0 = 28 km, 

V0 = 1857 m/s, 

 = 5.8 ° 

Atmosphere:
p0, T0, 0

Relaxation:
Tf(i) = w Tf(i) + (1-w) Tf(i-1)

Flow Solver: 
DLR-TAU

Thermal Solver: 
ANSYS

conv. ? 

Time:
ti = ti + ti

Trajectory:  
Hi, Vi

Atmosphere:  
pi, Ti, i

ti > tend

END

NO

NO

YES

YES

START 
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Fig. 11 Thermal model of the 2D configuration of the first 

third of SHEFEX

3.4 Mesh sensitivity analysis
In this subsection, the influence of the structure 

mesh is valued on the basis of three grids of 

different sizes. Especially the mesh discretization 

within the TPS has been investigated. The selected 

grids are summarized in Table 1.

Table 1 Description of the structural grids  

Coarse

Total Element Number: 
1806 

Elements normal in TPS: 
2

Standard

Total Element Number: 
4042 

Elements normal in TPS: 
3

Fine

Total Element Number: 
16067 

Elements normal in TPS: 
4

The number of elements in normal direction of the 

TPS increases for each refinement on the order of 

one element and begins with two elements (coarse 

grid).

In Fig. 12 the results (temperature and heat flux 

distribution on the lower surface) of the mesh 

sensitivity study are shown. For these calculations a 

steady coupled algorithm is applied. The results 

pointed out that the differences between the 

investigated meshes are mainly on the order of 1-2 

percents. Only the coarse grid delivers a clear 

deviation in near of the leading edge (x  0). 

Fig. 12 Temperature and heat flux distribution on the 

lower surface of the mesh sensitivity study. Steady 

coupled simulation for M = 6.2, Alt = 24 km, and  = 2.5°

Nevertheless, it can be summarized that the 

application of the coarse grid is recommended for a 

global thermal analysis of SHEFEX in order to save 

the calculation effort. In case of a detailed analysis 

of the leading section of SHEFEX, at least a 

standard mesh should be applied.  

The discretization of the leading edge is studied in 

detail in following. During the re-entry flight a 

changing of the geometry as a result of high 

temperature (ablation) would be accepted. Also an 

absolute sharp edge is with respect to manufacture 

tolerances not possible. Wherefore, a radius of the 

leading edge of R = 0.1 mm is assumed. In this 

context it can be added that the results are nearly 

equal within the radius range 0.02 – 2 mm [Barth
(2007)].  The discretization of the leading edge is 

investigated on the basis of four different levels (3, 4, 

6, and 12 panels). The first case with 3 panels allows 

only a very coarse reproduction of the curve. In 

opposite to that, the curve is portrayed exactly using 

12 panels. The results of this comparison are shown 

in Fig. 13. At first it can be noted that the heat flux 

at the leading edge is only computed correctly when 

at least 6 panels are used. In case of less than 6 

panels, the heat flux at the leading edge is too small. 

The best result is obtained using 12 panels. However, 

the discretization of the leading edge with 6 panels 

saves in comparison to 12 panels 18 % of the mesh 

points with reasonable accuracy. Consequently, in 
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the following calculations the leading edge will be 

discretized using 6 panels.   

Fig. 13 Computed temperature and heat flux distribution 

using different discretization levels (3, 4, 6, and 12 

panels) for the leading edge. (M = 6.2, Alt = 24 km, and 

= 0°)

3.5 Numerical results of the re-entry  
In this subsection comparisons of numerical and 

experimental data of the re-entry within the altitude 

range of 28 km (tre-entry = 440 s) down to 19 km (tre-

entry = 445 s) are carried out. The investigated re-

entry flight comprises 5 seconds represented with 

100 time steps ( t = 0.05 s). A previous study shows 

that the boundary layer has to be defined as turbulent 

within this altitude range [Barth (2007)].   
In order to interpret correctly the comparison of the 

experimental and numerical data, Table 2 shows the 

response times of the heat flux sensor and mantle 

thermocouple according to the manufacturer 

information.  

Table 2 Response time of the heat flux sensor and mantle 

thermocouple (manufacturer information) 

Sensor Response Time 

Heat Flux Microsensor 

(thermocouple cascade) 
t = 0.3 ms 

t = 0.3 s (in water with 0.4m/s)Mantle Thermocouple 

NiCr-Ni type “K”
t = 8.0 s (in air with 2.0m/s)

The heat flux sensor consists of a thermocouple 

cascade with very fast response behaviour (t = 0.3 

ms). In opposite to that, the mantle thermocouple 

has a distinct response time (t = 0.3 – 8.0 s). The 

problem is that the manufacturer identifies two 

different response times measured in air and water 

respectively. However, the response time of the 

thermocouple included in the TPS (ceramic 

material) is unknown and has to be measured in 

future experiments. This problem is reflected in the 

results of the coupled numerical calculations, 

summarized in Fig. 14.

Fig. 14 Comparison of numerical and experimental 

temperature distribution during the re-entry (28 – 19 km)

Here, the experimental temperature distribution of 

the mantle thermocouple T5-m inside of the TPS 

differs from the numerical results assumedly as a 

result of the response time. This will be confirmed 

by the fact that the gradients of the experimental and 

numerical temperatures are nearly equal. On the 

basis of these results, the response time of the 

mantle thermocouple may be estimated to 

approximately 2.5 seconds. This value corresponds 

with the given manufacture information. 

The numerical results of the surface temperature on 

the heat flux sensor (RTS-1) are nearly equal to the 

measurement, because of the very fast response 

behaviour of the senor. Both gradients and quantities 

of the temperature can be recalculated correctly 

using the coupled fluid-thermal simulation. 

In addition to the mentioned response time it is 

investigated whether the thermocouple position 

within the structure is an important parameter and 

source of error during the analysis. For this, Fig. 15
shows the distribution of the temperature within the 

TPS and isolation along the plotted line. 

The results pointed out that the respective sensor 

position affects enormously the temperature 

measurement. For instance, within the isolation a 

changing of the thermocouple position on the order 

of only 1 mm causes a temperature variation of 120 

K ( T = 120 K/mm). 
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Fig. 15 Temperature distribution of the fluid and structure, 

t = 445 s, position: T5-m

Finally, the heat flux distribution is analysed on the 

basis of two different cases with respect to the 

mounting condition of the senor. For case I, the heat 

flux sensor has no projection, i.e. it is flash mounted 

with respect to the vehicle outer model line. In case 

II, the sensor has a projection of 0.25 mm outside 

the outer model line, see Fig. 16.

Fig. 16 Mounting conditions of the heat flux sensor

The experimental and numerical data of the 

investigated re-entry range are presented in Fig. 17.

Fig. 17 Comparison of numerical and experimental heat 

flux distribution during the re-entry (28 – 19 km) without 

and with sensor projection. 

First of all, it has to be noted that the measurement 

of the HFS-1 heat flux sensor (red curve) is trustable 

until t = 444 s. After this, the experimental values 

are faulty, because their upper peaks are not 

measured. The rest of the heat flux distribution 

reflects correctly the change of the angle of attack, 

because the curve oscillates accordingly.

The simulation without projection (case I) delivers 

the heat flux plotted by the black curve. In this case 

the results are similar to the measurement. 

Particularly the gradients portrayed are satisfied by 

the coupled simulation. From t = 442 s the computed 

values are below the experiment. In case with 

projection (blue dot-line-curve) the qualitative run of 

the curve is equal to the case without projection. 

However, the heat flux has a distinct offset. 

Therefore, the projection length of the heat flux 

sensor is an important parameter which has to be 

taken into account during the analysis, because a 

small projection on the order of only 0.25 mm 

causes an increasing of the heat flux about 100-200 

kW/m².  

4. CONCLUSIONS

In this study an advanced aerothermodynamic 

analysis to SHEFEX I has been performed. 

Carefully investigations to the influence of sensor 

response time, sensor position, and sensor projection 

are carried out using a coupled fluid-thermal 

calculation within the re-entry range 28 km down to 

19 km. It can be summarized that the response time 

of the mantle thermocouple plays a very important 

rule for the post-flight analysis and has to be 

measured in future experiments. On the basis of 

numerical results, the response time of the mantle 

thermocouple may be estimated to approximately 

2.5 seconds. Besides the analysis shows that sensor 

position within the TPS affects enormously the 

temperature measurement. A small change of the 

position causes a distinct temperature variation. The 

heat flux distribution is analysed on the basis of two 

different cases with respect to the mounting 

condition of the senor (with and without projection). 

The results pointed out that the projection length of 

the heat flux sensor is an important parameter which 

has to be taken into account during the analysis. 

Considering all investigated sources of errors the 

numerical results for the temperature and heat flux 

distributions of the analysed re-entry range offer a 

good agreement in comparison with experimental 

data.
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