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1. INTRODUCTION

The test-case series #3 will be a further extension of the tests defined within the framework of the NASA ablation modelling
workshops.1, 2 In order to reduce the amount of work, all tests within test-case series #3, will use the TACOT material defined
by Lachaud et al.2 The main goal of this new series, is to test the 3D modelling capabilities of the participating codes. The
first 1D results were presented at the 4th Ablation workshop,3 and together with the results of the second test-case series, will
be discussed and analyzed more thoroughly at the 5th Ablation Workshop, Feb. 28- March 1, 2012, Lexington, Kentucky.

1.1. Summary of the first test-case

The first test case was defined for the 4th Ablation Workshop, 1-3 March 2011, Albuquerque, New Mexico.1 It was a one-
dimensional test case focusing on the in-depth material response - fixed surface temperature and no recession. Three types of
material-response codes have been identified:

• Type 1: based on the CMA4 model or any mathematically equivalent model (heat transfer, pyrolysis, simplified mass
transport);

• Type 2: CMA-type + Averaged momentum equation for the transport of the pyrolysis gases;

• Type 3: Higher fidelity codes (chemical/thermal non-equilibrium, etc).

The results had been provided by the participants before the workshop and a summary was presented during the workshop.3

For type 1 and type 2 codes, differences in the temperature prediction were mostly below 1%.

1.2. Summary of the second test-case series

The definition of the test case series #2 was finalized in Lachaud et al.,2 and the results of all the participants will be compared
at the 5th Ablation Workshop. A traditional B’ table was provided to facilitate the in-depth material-response comparison but
other tables/methods could be used. A specific test-case dedicated to the estimation of the ablation rate was also proposed. A
total of four tests were defined:

• 2.1: low heating, no recession (targeted surface temperature of about 1644 K, cf. test-case 1) - non-physical intermedi-
ate case without recession in preparation for 2.2.

• 2.2: low heating (same as test case 2.1), recession
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• 2.3: high heating, recession (targeted surface temperature of about 3000 K)

• 2.4: computation of the ablation rate of the material of the second test case for a temperature range of 300K-4000K
and an air pressure of 101325 Pa (1 atm.). The B’-table format was used to enable visual comparison.

2. DESCRIPTION OF THE THIRD TEST-CASE SERIES

In series #3 two test cases are foreseen, the first test-case is mandatory while the second one will be discussed by the partici-
pants. Both tests will be presented at the 5th Ablation Workshop, Feb. 28- March 1, 2012, and the tests will be performed by
all the participants in the ablation modeling working group (dates discussed during 5th Ablation Workshop).

• The mandatory test: This test consists of an "iso-q" calorimeter5, 6 made of TACOT subjected to an enthalpy form heat
flux. A total of three tests are performed where every tests has an increasing level of complexity, namely:

– An axis-symmetric/3D model with an isotropic version of TACOT.

– The same model but with an orthotropic version of TACOT.

– A full 3D model with a non-axis-symmetric heat load.

• The optional tests: The SPRITE model,7 using the TACOT material which is subjected to a re-entry trajectory heat
load.

3. THE MANDATORY "ISO-Q" TEST-CASE

3.1. Geometry of the test specimen

The geometry of the mandatory test-case is given in Figure 1, where the diameter D equals 10.16 cm. The "iso-q" test-case is
chosen because it was shown5, 6, 8 that the ablation will be almost uniform along the surface. As a consequence the shape of
the test-specimen will not change during the analysis, and the flow and thermal-structure analysis are decoupled, i.e. the heat
load will not change during ablation.

the analysis of TPSmaterials in test and flight environments relevant
to the Orion project. These expanded capabilities include a grid
option for flight geometries, a sizing algorithm for the flight-type
geometry, and a model for orthotropic thermal conductivity. Two
different analysis geometries that motivate this work are stagnation
arcjet models and the shoulder region of the Orion crew module [4].
These two geometries will be discussed sequentially.

The effects of multidimensional heat conduction have been
observed in recent arcjet tests. Specifically, the data from deep
thermocouples (TCs) appear to have a time scale or magnitude that is
inconsistent with 1-D analysis. It is postulated that this inconsistency
is a consequence of heat conduction from the sides of the arcjet
model. Figure 1 shows the iso-q model shape used in recent testing.
This iso-q shape has a nose radiusRn equal to themodel diameterD, a
slightly rounded shoulder, and cylindrical sides. Most recent tests
used models with a 10.16 cm diameter. Figure 2 presents a cross
section of a TPS sample tested for 200 s that had 1.3 cm of recession
at the centerline. The black curve shows the initial unablated shape.
The sidewall heating had sufficient magnitude to produce a sub-
stantial char depth and some recession, as evidenced by the slightly
canted sides. Nevertheless, the ablated shape is comparable with
the initial shape. A typical computational fluid dynamics (CFD)
calculation for this iso-q shape is provided in Fig. 3. This solution
was calculated using the data-parallel line relaxation (DPLR) code
[5]. The heatflux varies less than 10%overmost of the front face. The
heat flux on the cylindrical side, as shown by the dashed portion of
the curve, is 10 to 20% of the stagnation point value for the first
5 cm beyond the shoulder (which is the entire side length of the test
samples). This magnitude of heating is not negligible; therefore, it is
to be expected that a substantial heat load passed in through the sides
of the model. Clearly, a multidimensional tool such as TITAN is
required to perform high-fidelity analysis of the thermal response of
this TPS material in these arcjet tests.

The Orion crew module enters the atmosphere at hypersonic
velocity and with a variable angle of attack (AOA). Figure 4 shows a
representative lunar skip (LS) entry trajectory that was used in recent
analyses [6]. The entry velocity is 10:8 km=s. There are significant
variations in the AOA, but the yaw angle remains near 0 deg.
Therefore, the environments and material response are assumed to

retain a plane of symmetry. Time-dependent aerothermal environ-
ments for fully turbulent flow over the unablated vehicle shape were
generated by the configuration-based aerodynamics (CBAERO)
code [7] with CFD-based anchor points, as described in [8]. The
assumption is that the effect of shape change on the aerothermal
environment may be neglected, because the maximum surface reces-
sion is much smaller than the local radius of curvature for this large
heatshield. With this assumption, the flow simulation and the TPS
response simulation may be performed in an uncoupled manner.

For this LS trajectory, the nominal (unmargined) convection and
radiation history at the maximum heating location in the plane of
symmetry are plotted in Fig. 5. The trajectory has two heat pulses.
The first heat pulse, corresponding to the high-velocity skip through
the upper atmosphere, has a peak total heat flux and duration of
approximately 410 W=cm2 and 200 s, respectively. The second heat
pulse, corresponding to the lower velocity entry subsequent to the
skip, has a lower peak total heat flux of about 100 W=cm2 but a
longer duration of about 400 s. At this specific heatshield location,
the radiative heating is relatively small compared with the convective
heating; however, at other locations, the radiative contribution is
more significant. The convection heat load distribution over the
heatshield surface is illustrated in Fig. 6. Because of the high AOA
(near 23 degduring the skip), the convective heat load is concentrated
in a strip along the windward shoulder of the vehicle. The maximum

Fig. 1 Model shape for stagnation arcjet tests. Test samples have the
same external shape as this calorimeter.

Fig. 2 Cross section of an iso-q model tested for 200 s. The ablated
shape, after 1.3 cm of recession, is comparable with the initial shape.
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Fig. 3 Normalized heat flux distribution for an arcjet sample with the
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Fig. 4 LS entry trajectory for the Orion crew module.
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(a) iso-q test specimen

D includes the offaxis thermocouples that were used in two tests that
will be thoroughly discussed in Sec. VI, Model Validation. X-ray
images of all pretest models confirmed that thermocouples were
installed within!0:02 cm of the nominal locations.

Arcjet tests were conducted in the Aerodynamic Heating Facility
(AHF) [17] and Interaction Heating Facility (IHF) [18] at NASA
ARC and in the TP2 facility at NASA Johnson Space Center (JSC).
For all test conditions multiple runs and multiple swing arms were
used to obtain calibration measurements of stagnation pressure and
cold-wall heat flux, and if possible, temperature response from
multiple arcjet models with the same or different exposure durations.
At the end of the exposure, the model was removed from the arcjet
flowfield and held in a low-pressure environment during a cooldown
period of several hundred seconds. For safety reasons, models are not
exposed to atmospheric pressure until after they have cooled down.

The stagnation pressure and heat flux were measured using a
combination slug-calorimeter/pitot-pressure device (Fig. 1) that had
the same external shape as the TPS samples to be tested [19]. The
calorimeter is inserted into the arcjet flow for approximately 3 s.
Because the arcjet flow is both unsteady and swirling, there is natural
variation in the stagnation measurements obtained from a short

Fig. 4 Cross section of iso-q arcjet models. Model types II and III may contain a thermocouple plug (as shown). The initial thickness at the centerline
varied from 3.49 to 4.13 cm.

Fig. 5 Axial plug containing thermocouples 1 to 5 for model types II and III.

Fig. 6 Cross-sectional drawing of iso-q-shaped arcjet model with
thermocouple locations for TC-placement options B and D (see Table 1).
Thermocouples are not coplanar.

Fig. 7 Side-view and top-view x-ray images of arcjet model with thermocouple placement D.

788 MILOS AND CHEN

(b) position of the thermo-couples

Figure 1: Definition of the geometry and dimensions of the iso-q test specimen.5, 6, 8

In Figure 1(b) and Table 1 we see the position of the thermo-couples, for which the temperature evolutions have to be post-
processed. The thermo-couples are positioned symmetrically with respect to the axis of axis-symmetry (Z-axis). Because
both the geometry and the heat load are axis-symmetric, resulting in axis-symmetric results.

The outer geometry of the specimen is completely defined by the additional assumption that the tangents of the two circles
(s,n) (see Figure 1(a)) and the circle (s) and the vertical line, at their intersection points are identical. With these assumptions
the dimensions given in Figure 2(a) are obtained, and the following coordinate data can be derived:

• position of the circlen - circles intersection point (y = 4.679 cm, z = 1.174 cm),
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Table 1: Coordinates of the thermo-couples.
TC Y-coordinate [cm] Z-coordinate [cm] TC Y-coordinate [cm] Z-coordinate [cm]
1 0.00 0.381 6 0.00 2.286
2 0.00 0.762 7 2.540 2.286
3 0.00 1.143 8 3.810 2.286
4 0.00 1.524 9 4.445 2.286
5 0.00 3.048 10 4.445 3.048

• position of center of rotation of circles (y = 4.445 cm, z = 1.736 cm),

• position of the circles - vertical line intersection (y = 5.080 cm, z = 1.736 cm).

(a) iso-q test specimen (b) iso-q specimen + support structure

Figure 2: The dimensions [mm] of the iso-q specimen + support structure.

Besides the "iso-q" specimen, a support structure is defined in Figure 2(b). Although the support structure will in general be
made of a different material, here we will also assume it is also made of TACOT, and that the contact between the "iso-q"
specimen and the support structure is perfect. It is therefore allowed to create one continuous mesh/discretization for the "iso-
q" and the support structure. With this geometrical data, the participants will be able to construct their numerical (mesh/grid)
models.

3.2. Loads and boundary conditions

The test-specimen is subjected to a similar heat load as applied in test 2.3 of test-case series #2. The specimen will be
subjected to a convective heating during the first 40 seconds, and it will cool-down for 1 minute under the hypothesis of
radiative cooling only. The initial conditions are: p0 = 1 atm (101325 Pa), T0 = 300 K. The initial gas composition in

Table 2: Summary of the environment properties. Please use linear interpolation during the 0.1s heating and cooling periods
(linear ramping).

time (s) ρeueCH(0) (kg· m−2· s−1) he (J· kg−1) pw (Pa)
0 0 0 101325
0.1 0.3 2.5 ·107 101325
40 0.3 2.5 ·107 101325
40.1 0 0 101325
120 0 0 101325
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the material is left open. For type 1 and 2 codes, pyrolysis gas in thermal equilibrium is the usual practice. For type 3
codes, it is suggested to start with air. The time-dependent boundary-layer properties are summarized in table 2. The other
boundary-layer assumptions/properties are as follows for the code comparison:

• The factor for the blowing-correction correlation used is the CMA model is taken as λ = 0.5.

• Heat and mass transfer assumptions in the boundary layer: Pr = Le = 1

• Re-radiation is active during the entire analysis [qr = εσ(T 4
w −T 4

∞)]. Due to the convex shape of the test-specimens, a
view factor of 1 is used. The infinity temperature is chosen to be T∞ = 300 K .

• Use the wall enthalpy (hw) and the B′c table provided in the TACOT_2.2.xls file for code comparison.

The above definition of the heat flux (q(Tw, t)) is only 1D and applies to the stagnation point only. In order to extend it
to the axis-symmetric geometry of Figure 2(b) we will use the heat flux distribution around the "iso-q" calorimeter + support
structure, calculated by Dec et.al.9 and Milos and Chen.5 In Figure 3(a) the variation of the heat flux and pressure along the

and pressure distributions, combined with the slightly rounded
shoulder, allow a stable uncoupled calculation for the entire TITAN
run. An alternative approach for conducting the simulation would be
to start with the original shape and heating distribution and then, as
needed, calculate a series of new DPLR solutions using grids for
ablated shapes during the course of the TITAN run. Methodology
and solutions for such coupled DPLR–TITAN calculations are
discussed in [22].

Results are presented from a test conducted at stagnation con-
ditions of 246 W=cm2 and 8.5 kPa, with an exposure duration of
42 s. This test was the most severe condition from which data from
10 TCswere obtained. Temperature predictions and data for six axial
locations are presented in Figs. 16 and 17. The TC data are presented
as dotted curves, the TITAN predictions are black curves, and the
FIAT predictions are green curves. Both FIATand TITAN provide a
good match to TC1 that fails near 2200 K. For TC2 and TC3, the
TITAN solution is slightly better than the FIAT solution. For TC4
to TC6, TITAN approximately matches both the time scale and
magnitude of the thermal response. The time scale to each maxima
looks correct in the FIAT calculation, but the magnitude of the
predicted thermal response is too low. Clearly, the 1-D calculation
underpredicts the amount of thermal energy within the sample. The
reason for this disagreement is fairly obvious; during arcjet exposure,

the model is heated along the whole exterior surface. The model
sides have a larger surface area than the front face and, as shown
previously, the heat flux is significant along the sides. Therefore,
there is a substantial heat load on the sides that increases the in-depth
temperatures above the level predicted by a 1-D analysis. Thermal
penetration in the radial direction is enhanced by the relatively high
IP conductivity of PICA.

Temperature predictions and data for four radial locations at a
depth of 2.286 cm are compared in Fig. 18. For each TC location, two
data sets are presented as dotted curves, and the TITAN prediction is
the black curve.At all four locations, the TITANpredictions approxi-
mately match the time scale andmagnitude of the peak temperatures,
and the agreement is excellent during the cooldown period. The
agreement at near-surface TC9 provides some validation for the
methodology used to generate the aeroheating distribution.

Finally, Fig. 19 provides temperature predictions and data for two
radial locations at a depth of 3.038 cm. One location is near the
surface and the other is at the centerline. For both locations, the
agreement between the TITAN prediction and the TC data is out-
standing up to 700 s. Also shown is the poor FIAT prediction
for TC5. The agreement at near-surface TC10 provides further
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Fig. 15 Heating and pressure distributions for initial and slightly
ablated shapes.
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(a) Heating and pressure distributions5 for initial and
slightly ablated shapes

 
American Institute of Aeronautics and Astronautics 
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Table 1. Thermocouple locations 
Designation Depth, H    

(cm) 
Radial Distance, r  

(cm) 
TC1 0.381 0.0 
TC2 0.762 0.0 
TC3 1.143 0.0 
TC4 1.524 0.0 
TC5 2.286 0.0 
TC6 3.048 0.0 
TC7 2.286 2.54 
TC8 2.286 3.81 
TC9 2.286 4.45 

TC10 3.048 4.45 

V. Boundary Conditions 
The surface boundary conditions were obtained from a CFD solution of the coupon in the arcjet flow.  The 

centerline enthalpy for this test was 19.3 MJ/kg and the centerline heat flux was 255 W/cm2.  The coupon was 
exposed to the flow for 40 seconds and allowed to cool.  The cool down time for analysis purposes was 600 seconds.  
The heat flux varied across the surface of the coupon and also wrapped around the shoulder where there was non-
trivial sidewall heating calculated.  The distributed surface heat flux is shown in Fig. 2 and is applied to the external 
edges of the PICA and LI-2200.   

In addition to the heat flux boundary condition, FEAR requires two supplementary boundary conditions.  The 
first is a no flow boundary condition which is specified on the back edge of the PICA which interfaces with the LI-
2200.  The no flow boundary condition is required for the solution of the mass and momentum equations.  The final 
required boundary conditions are to specify the zero displacement boundaries.  The zero displacement boundaries 
are required for both the mesh movement scheme and the thermal stress calculation and need not be coincident.  The 
zero displacement boundary condition for the mesh movement scheme encompasses all of the nodes and elements 
representing the LI-2200 since only the PICA is allowed to recede.  The zero displacement boundary for the thermal 
stress calculation is the bottom edge of the LI-2200.  Radiation in or out of any edge, (or surface in 3-D) is not a 
hard requirement, but is applied to all the external edges of the coupon except for the bottom edge of the LI-2200.  
The initial temperature is 20°C and the radiation sink temperature is 21.1°C. 

 
Fig. 2 CFD predicted surface heat flux distribution. 

VI. Results and Discussion 
FEAR was run in 2-D axisymmetric mode for the arcjet conditions and geometry described in Sections IV and 

V.  The temperature distribution at 40 seconds when the arcjet flow is cutoff is shown in Fig. 3.  The temperature on 

(b) heating distribution for the iso-q specimen9

Figure 3: Heating and pressure distributions5, 9 for the iso-q specimen.

Table 3: Distribution of the qw/qw(0) values as a function of the Y- and Z-coordinate (derived from Figure 3(b)).
s (cm) Y-coord. (cm) Z-coord. (cm) qw/qw(0) s (cm) Y-coord. (cm) Z-coord. (cm) qw/qw(0)

0.00 0.000 0.000 1.000 5.50 5.068 1.617 0.476
2.00 1.987 0.196 1.000 5.75 5.080 1.864 0.261
3.00 2.957 0.439 0.971 6.00 5.080 2.114 0.169
3.50 3.431 0.597 0.955 6.50 5.080 2.614 0.137
4.00 3.898 0.777 0.925 8.00 5.080 4.114 0.111
4.50 4.354 0.980 0.863 10.00 5.080 6.114 0.101
5.00 4.800 1.209 0.743 13.70 5.080 9.780 0.101

test-specimen is given as a fraction of stagnation point load (q0, p0 = pw), for the initial and ablated shape. The ablated shape
is shown in Figure 1(b), which only has a small local deformation superimposed on an otherwise uniform surface recession.5

In order to have a uniform recession during the analysis we have to use the q/q0 values of the ablated shape. Here we will
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use the qw(s) distribution given by Dec at.al.9 in Figure 3(b), because it is given in more detail. The pressure is held constant
both in time and along the outer surface. The pressure distribution calculated in Milos and Chen5 is valid for an impermeable
"iso-q" calorimeter, while TACOT will allow for some equalization of the pressure, which will not be modelled in the series
#3 test-cases.

For this test-case we will thus apply the heat-flux and pressure profile defined in Figure 3(b), where we premultiply
ρeueCH(0) with the qw/qw(0) values in Table 3. We will use the TACOT wall enthalpy hw and ablation rate B′c values,
obtained for a constant pressure pw = p0 of 101325 Pa. For the back-side of the support structure we assume an adiabatic,
and impermeable for gas, boundary condition.

3.3. Axis-symmetric/3D model

Because the model has an axis-symmetric shape, an axis-symmetric discretization will in principle suffice. Depending on the
availability of different numerical models (in the participating codes) the participants may decide to use a 3D segment model
instead of an axis-symmetric model. Both the 3D segment model and the axis-symmetric model will give the same results,
and can be used for both the isotropic and orthotropic material model.

3.3.1. Model with an isotropic material

The TACOT material definition (TACOT_2.2.xls) is an isotropic definition, and can thus be applied directly to the axis-
symmetric/3D model.

3.3.2. Model with an orthotropic material

One of the goals of this test-series, is to compare the modelling capabilities of the different codes. One of the modelling
capabilities, of practical interest, is to model orthotropic materials. For example PICA5 is known to be orthotropic, where
the Through The Thickness conductivity is lower that the isotropic conductivity, and the In Plane conductivity is higher
than the isotropic conductivity. We therefore propose to use an orthotropic model, where the conductivities are defined via
multiplication factors (α1 = 0.9,α2 = 1.1) for the isotropic conductivity of the TACOT model.

∣∣∣∣
λT T T 0

0 λIP

∣∣∣∣=
∣∣∣∣

α1 0
0 α2

∣∣∣∣λisotropic (1)

The through the thickness direction is aligned with the axis of axis-symmetry (Z-axis in Figure 1).

3.4. A full 3D model with a 3D heat load definition

A final functionality that will be tested within series #3, is the full 3D modelling capabilities of the participating codes.
Because finding a fully 3D physical test is not obvious, we have decided to perform a non-physical test, which is similar in
concept to the test shown in Lachaud and Mansour.10 Here we will use a full 3D "iso-q" model with the orthotropic TACOT
material defined in section 3.3.2.

While the pressure distribution will not be modified, the heat-load distribution (from section 3.2) will be modified in such
a way that it becomes non-symmetric. The q/q0 distribution will be multiplied, with a Gaussian distribution, in such a way
that a localized heat-flux peak will be added on top of the existing distribution. The multiplication factor will be:

f (x,y) = 1+βe−
1

2σ2 [(µx−x)2+(µy−y)2] (2)

The Gaussian is determined by the position of its average values (µx = 0.0 cm, µy = 1.0 cm) and the radius (2σ = 1.0 cm) in
which 95.4 % of the additional power is applied. The nominal heat flux q/q0 will be increased by a multiplication value of β
(= 0.3). This multiplication function will result in a 3D localized heat flux, and thus a 3D solution.

4. THE SMALL RE-ENTRY PROBE TEST-CASE

After testing the participating codes, on all the necessary functionalities for an industrial type application, a re-entry probe
model is a logical next step. As an example the SPRITE model, described by Empey et al.,7 is used. The definition of the
small re-entry probe test case is not yet finalized, and will be the subject of discussions between the workshop participants.
The questions that need to be answered are:
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• Will we apply a realistic re-entry load, and if so who will be capable and willing to supply this?

• Do we need to model radiative heat exchange (between structure and instruments) inside the capsule?

• How will the geometry of the test-case be defined:

– will a description, like in Figure 2, be given?

– will a full 3D CAD model be supplied?

– will a finite element mesh be supplied?

• what are the results we would like to obtain?

• Which of the participants is able and willing to do this test?

4.1. Geometry of the test specimen

In Figure 4(a) we see a cross section of the SPRITE model given in the paper of Empey et al.7 From this paper a 3D model
of the probe has been re-created, and it is given in Figure 4(b). The model shown, is available as a CAD file (STEP format)
and can be obtained from the authors.

 
Figure 2 - SPRITE Probe Cross-section and 

Instrumentation 

 
Due to the limited budget for this project some 
compromises had to be made that deviated from the 
flight-like aspects desired, however the overall design 
used flight proven TPS (PICA and Shuttle tile) and the 
above mentioned MEDLI instrumentation. Figure 2 
shows a cross-section of the probe and location of the 
instrumentation. Details of the probe design, 
construction and testing are detailed below. 
 
5. PR O B E D ESI G N 

 

The development effort for the SPRITE probe 
consisted of the following aspects: mechanical design 
and fabrication, TPS design and fabrication, data 
acquisition system design and fabrication, 
computational fluid dynamics (CFD) analyses, thermal 
analysis and thermal-structural analysis. 
 

5.1 M echanical Design 

 

Both the thermal protection system and the underlying 
structure needed to be designed for the SPRITE probe. 
From previous tests (see [1]) of wooden models it was 
know that a diameter of 35.6 cm (14.0 inches) would 
work for the arc heater configuration desired. This 
requirement and the desire to maximize the internal 
volume of the probe shaped the rest of the design. 
 
For the TPS the first exercise was the choice of 
materials.  In a real mission design reentry 
requirements, size, weight and other parameters would 
be used to choose the TPS material, for SPRITE the 
choice was made by what materials were easily 
available.  This led to the choice of PICA (Phenolic 
Impregnated Carbon Ablator) as the forebody TPS 
material and Space Shuttle tile for the afterbody.  In 

order to maximize the interior volume of the probe the 
thickness of the TPS was limited to 2.5 cm (1 inch) 
which meant the TPS thickness was dictated by the 
desired probe volume rather than sizing for a particular 
reentry or arc-jet condition, i.e., PICA was not sized to 
meet a bondline temperature constraint.  Given the 
constraints to the design a very a robust and workable 
concept emerged.  
 
Once the TPS was chosen the structure of the probe 
body, to which the TPS was attached and which 
contained the internal data acquisition system, was 
designed.  Again cost and availability played a large 
role in the choices made.  Composites, Titanium and 
spin-formed Aluminum were all briefly considered but 
in the end traditional CNC (computer numeric 
controlled) lathe machining from thick billets of 6061-
T651 Machined Aluminum was determined to be the 
least expensive and shortest lead-time method 
available. Figure 3 shows the three main Aluminum 
pieces of the probe structure the forebody, afterbody 
and back cover.  
 

 
 

Figure 3 - Probe Aluminum Structure 
 
For simplicity the Aluminum fore and aft bodies were 
kept the same diameter at the point where they joined.  
This joint was also a simple butt joint fastened with cap 
screws from inside the probe body. 
 
In order to simplify the construction of the backshell of 
the probe the design was changed from hemispherical 
to conical.  While that configuration might not be used 
on a flight vehicle it was deemed acceptable for a 
proof-of-concept arc-jet model.  CFD analyses were 
conducted to verify the performance. Figure. 4 shows 
an exploded view of the probe assembly. 
 
 

 
 

(a) Cross-section and instrumentation (b) Re-created CAD model

Figure 4: Definition of the SPRITE probe.7

4.2. Material definition

For the SPRITE model we will again use the orthotropic version of the TACOT material, as defined in section 3.3.2. In this
case the IP direction is perpendicular to the axis of axis-symmetry, i.e. the TTT direction is only perpendicular to the outer
surface at the stagnation point.

4.3. Loads and boundary conditions

A uniform initial temperature of 300 K is assumed, after which a re-entry heat flux is applied. This heat flux (convection,
radiation) will depend on wall temperature, time and varies with location over the heat shield. The definition of this heat flux
will be discussed between the participants.
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5. MATERIAL DATA

The material properties for this test-case series are provided and explained in the spreadsheet TACOT_2.2.xls. Recent updates:

• B’ table updated (July 28, 2011)

• Equilibrium properties of the pyrolysis gases up to 4000K (June 2011)

6. CODE OUTPUT AND COMPARISON OF THE RESULTS

The code output described in this section will only apply to the results of section 3. The output for the re-entry vehicle will
depend on it’s definition, which is the subject of ongoing discussions. The results will be supplied in ASCII file format, which
contain the following results (with an output frequency of 0.1s):

• The temperature at the position of the stagnation point and of the 10 thermo-couples will be post-processed. The
position of the thermo-couples are defined in Table 1 and Figure 1.

• For the same points (stagnation point and the thermo-couples) also the density will be post-processed.

• The blowing rates, the surface recession and the pyrolysis zone thickness, will be post-processed at the stagnation
point. The mass and the position of the centre of gravity, of the "iso-q" specimen, will be calculated.The values to
post-process are:

– Blowing rates: The blowing rates ṁg and ṁc are calculated at the outer surface.
– Pyrolysis zone thickness: The thresholds, to calculate the location of the pyrolysis and char fronts, are defined as:

ρv(98%) = ρc + 0.98(ρv−ρc) ; ρc(2%) = ρc + 0.02(ρv−ρc). The distance is calculated w.r.t. the initial outer
surface.

– Surface recession: The displacement of the point w.r.t. the original position is calculated.
– Mass: The total mass of the "iso-q" specimen will be calculated as a function of time.
– Y-coordinate: The y-coordinate of the centre of gravity, of the "iso-q" specimen, as a function of time.

Output format desired:

time (s) Tw (K) T1 (K) T2 (K) T3 (K) ... T8 (K) T9 (K) T10 (K)
0 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2

0.1 9.651e2 3.225e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2
0.2 1.076e3 3.956e2 3.039e2 3.000e2 3.000e2 3.000e2 3.000e2 3.000e2

etc. ... ... ... ... ... ... ... ...

Table 4: Output format for the temperature file: CodeName_Energy_TestCase_3-i.txt

time (s) rhow (kg/m3) rho1 (kg/m3) rho2 (kg/m3) ... rho10 (kg/m3)
0 2.800e2 2.800e2 2.800e2 2.800e2 2.800e2

0.1 2.7900e2 2.800e2 2.800e2 2.800e2 2.800e2
0.2 2.7500e2 2.800e2 2.800e2 2.800e2 2.800e2
etc. ... ... ... ... ...

Table 5: Output format for the density file: CodeName_Density_TestCase_3-i.txt

Result files need to be generated for the three test cases of section 3, and the i in the file names will refer to:

• i = 1: Model with an isotropic material,

• i = 2: Model with an orthotropic material,

• i = 3: A full 3D model with a 3D heat load definition.
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time m_dot_g m_dot_c Virgin 98% Char 2% recession Mass Y-coord.
(s) (kg/m2/s) (kg/m2/s) (m) (kg) (m)

0 0 0 0 0 0 1.200E-02 1.200E-02
0.1 5.063e-3 0 0 0 0 1.200E-02 1.200E-02
0.2 1.340e-2 0 1.781e-4 2.130e-5 0 1.200E-02 1.200E-02

etc. ... ... ... ... ... ... ...

Table 6: Output format for the pyrolysis and ablation-response file: CodeName_Mass_TestCase_3-i.txt

7. PRELIMINARY RESULTS

The results shown are generated with SAMCEF Amaryllis, and serve as a baseline for visual comparison for the test cases.
Please do not give them more credit than they deserve and use them for sanity check rather than for comparison.
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Initial results of test-case 3.1
Test case 3.1 - TACOT

X

Y

Z

(a) axis-symmetric mesh distribution

324.4
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(b) Temperature distribution on deformed mesh at t
= 120 seconds

Figure 5: Test3.1: Mesh and temperature distribution of the test-specimen plus the support structure.
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Figure 6: Test3.1: Temperature evolution of the wall and the thermo-couples 1 till 6.
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Figure 7: Test3.1: Temperature evolution of the thermo-couples 6 till 10.
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Figure 8: Test3.1: Density evolution of the wall and the thermo-couples 1 till 6.
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Figure 9: Test3.1: Density evolution of the thermo-couples 6 till 10.
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Figure 10: Test3.1: Mass flow rate, wall recession, and (partial) char thickness at the stagnation point.
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Figure 11: Test3.1: Mass and centre of gravity evolution, of the "iso-q" specimen.

12 of 12

Proceedings of the 5th Ablation Workshop, Lexington, Kentucky, February 28 – March 1, 2012

31


	University of Kentucky
	UKnowledge
	2-2012

	Ablation Test-Case Series #3. Numerical Simulation of Ablative-Material Response: Code and Model Comparisons
	Tom van Eekelen
	Jean R. Lachaud
	Alexandre Martin
	Ioana Cozmuta
	Repository Citation
	Ablation Test-Case Series #3. Numerical Simulation of Ablative-Material Response: Code and Model Comparisons
	Notes/Citation Information


	5th Ablation Workshop Proceedings - Lexington, Kentucky

