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Abstract
In re-entry, spacecrafts require a Thermal Protection System (TPS) to withstand severe heat flux condi-
tions on the surface. The most critical thermal load is located at the stagnation point, becoming the TPS
design reference. Nevertheless, the design can be improved at off-stagnation through a new extrapolation
methodology that duplicates in high enthalpy facilities the reacting boundary layer found in flight. The
present work assesses the effects of the vehicle’s body curvature on the heat flux by reproducing locally the
reacting boundary layer of the Intermediate eXperimental Vehicle (IXV) at a specific point of an equivalent
flat plate. The methodology application on the flat plate model available at VKI is also investigated.

1. Introduction

Thermal Protection Systems (TPS) are critical to protect the spacecraft from the extreme conditions encountered dur-
ing atmospheric re-entry. TPS materials are characterized on ground under flow conditions closely related to the flight.
However, not all the phenomena appearing in hypersonic regimes can be fully reproduced with one single ground facil-
ity.1 The way to overcome such issue is the partial simulation method, in which only some relevant characteristics of
the flight environment are reproduced in dedicated facilities on ground, depending on the specific phenomenon taken
into consideration.

Many TPS designs are based on a prediction of the stagnation point heat flux because it is considered as the
most critical point over the vehicle. In harmony with industry requirements, Kolesnikov2 proposed a flight-to-ground
extrapolation methodology for high enthalpy facilities known as the Local Heat Transfer Simulation (LHTS), which
applies to stagnant flows and is able to provide the same thermo-chemical boundary layer on both the flying body and
its equivalent model on ground. However, farther downstream of the stagnation point, the TPS does not face such ex-
treme thermal conditions and the aerospace industry could also benefit from a more optimized TPS design that allows
either increasing the payload or reducing the cost of the mission. Following this idea, Barbante3 extended the extrap-
olation methodology to a more general off-stagnation point configuration. He derived the boundary layer equations
for shear flow and proposed the boundary layer reproduction across simple geometries such as spheres or flat plates.
Then, Viladegut et al.4 provided its validation over a flat plate model using the Plasmatron facility in the von Karman
Institute for Fluid Dynamics (VKI).

The present work aims at applying the extrapolation method to a more generic flying body configuration such
as the Intermediate eXperimental Vehicle (IXV). The paper attempts to establish a similitude strategy for the non-
equilibrium boundary layer between IXV’s windward side and a flat plate model that can be installed in a plasma wind
tunnel. The activity will enhance the VKI capabilities to experimentally validate aerothermodynamic models in the
VKI-Plasmatron facility using flight data from the IXV re-entry mission.

The off-stagnation point extrapolation methodology considers two geometric effects for heat flux duplication: the
curvature and the size of the re-entry body. These effects will be treated hereafter independently, and the extrapolation
will be applied in two steps. The former extrapolates the boundary layer profile at a specific location on the IXV’s
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windward side to an equivalent flat plate, while the latter scales down the flow around the equivalent flat plate into
another flat plate that fits the plasma wind tunnel model requirements.

2. Bondary layer considerations at off-stagnation point

The LHTS is a heat flux duplication methodology based on the stagnation point heat flux equations proposed by Fay
and Riddell5 and Goulard6 in the late 50’s. The LHTS concept states that, by preserving the parameters appearing
in the heat flux equations between flight and ground configurations, the boundary layer profile can be reproduced at
stagnation point. Barbante3 extended this approach for boundary layers at off-stagnation point by deriving the equations
using the Lees-Dorodnitsyn coordinate transformation:

ξ =

∫ s

0
ρδµδuδr2εdx and η =

uδrε√
2ξ

∫ y

0
ρdy (1)

Where ε=0 applies to two-dimensional flow and ε=1 to axisymmetric flow. Assuming local self-similarity by neglecting
the derivatives with respect to ξ from the derivatives with respect to η, the heat flux transferred to the wall can be
expressed by:
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where ρδ, µδ, uδ, ht,δ,Gδ, ht,w are the density, the dynamic viscosity, the velocity, the total enthalpy and the chemical
reaction rates, respectively. Note that subscripts δ and w refer to the flow property at the boundary layer outer edge
and at the wall of the body. Dag and Daw are the gas phase and the heterogeneous Damköhler numbers, respectively.
Le and Pr are the Lewis and the Prandtl numbers. The last parameter is the flight condition factor fc, a mathematical
parameter strongly related to the lagrangian time of the flow (Barbante3 & Chazot et al.7), defined as:

fc =
uδrε√
ξ

(3)

The flight condition factor fc is a parameter which, consistently with the parabolic nature of the boundary layer equa-
tions, contains the flow history from the stagnation point to a specific wall-coordinate s on the body through its depen-
dence with ξ. In consequence, fc is strongly related to the boundary layer thickness δ and the typical boundary layer
flow-time τ f conditioning the gas-phase Damköhler number:

δ =

√
2

ρδ fc
and τ f =

2Pr
Leρδuδ f 2

c
(4)

Following the LHTS concept, if all the parameters appearing in eq. (2) are reproduced in flight and ground configura-
tions, the same heat flux must be obtained in both cases. However, respecting the same outer edge velocity from the
flight requires a model on ground with similar dimensions to those of the flying body. Considering the flat plate as the
model on ground, the flight condition factor can be derived as fc ∝

√
uδ/x. Thus, the duplication requirements of uδ and

fc lead to the conclusion that the perfect boundary layer duplication can only be achieved if the flight velocity and size
conditions from the flight are obtained in the laboratory. Nevertheless, a partial similitude is possible by relaxing the
condition on velocity. Chazot et al.7 stated that, considering the characteristics of the boundary layer along a re-entry
vehicle, like for the IXV, with high angle of attack, the Mach number at the boundary layer edge does not go beyond 2,
corresponding to low Eckert number regimes (eq. (5)):

Ec =
u2
δ

hδ
<< 1 (5)

Thus, under the hypothesis of low Ec numbers, the heat flux is dominated by thermochemical phenomena, and
the velocity and total enthalpy reproduction on ground can be ignored, and the static enthalpy becomes the relevant
parameter to consider. Hence, the reduction of both the flat plate length and the ground testing velocity is possible while
fc values remains the same. As the lagrangian time of the flow is thereby conserved and the chemistry time does not
change, the Damköhler numbers are also duplicated. Barbante3 observed that the maximum heat flux difference for the
non-catalytic case is about 21% and for the fully catalytic case 19%, ranging from Mδ=0.1 to 2. Such discrepancies are
due to viscous dissipation, which increases with the Mach number, inside the boundary layer. Despite those differences,
the structure of the boundary layer was shown similar for all Mach number.
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3. Heat flux extrapolation issues for complex configurations

A preliminar heat flux duplication strategy, between a complex configuration such as the IXV windward side and a
flat plate, has been investigated at the VKI by Ledard.8 The duplication was done by finding the location on the flat
plate where the heat flux was the same as in the IXV. However, even though the heat flux could indeed be duplicated,
thermochemical phenomena between the IXV and the flat plate significantly differed, as the methodology did not take
into account the physical parameters appearing in the reacting boundary layer analysis proposed by Barbante.3 To
improve the TPS design and to validate aerothermodynamic models in plasma facilities, the full set of thermochem-
ical phenomena should be duplicated rigorously between flight and ground. Therefore, a more elaborate duplication
methodology is required for future ground testing at off-stagnation point.

The boundary layer duplication between hypersonic flight and ground testing is implicitly affected by two geo-
metrical effects, as seen in figure 1:

• The curvature effect, which is manifested by the variation of pressure and could alter the boundary layer dupli-
cation results.

• The size effect, which was already studied for flat plates under the off-stagnation methodology proposed by
Barbante.3

Figure 1: Geometrical effects over the heat flux duplication from hypersonic flight to Plasmatron facility.

Both geometrical effects must be studied separately for hypersonic boundary layer duplication in the Plasmatron
facility. A methodology is proposed here and applied under chosen IXV flight conditions in two extrapolation steps,
as seen in figure 2. The first one considers the curvature effects and duplicates locally the boundary layer found on the
IXV at the end of an equivalent flat plate. Then, a second extrapolation procedure scales down the equivalent flat plate
into a flat plate model that fits with Plasmatron testing constraints.

4. Application of the off-stagnation point extrapolation methodology

The first step considers the extrapolation of the reacting boundary layer from an IXV flight condition to an equivalent
flat plate for assessing the curvature effects of the body shape. The second step carries out the off-stagnation method-
ology detailed in previous studies which reduces the size of the flat plate to fit with Plasmatron testing conditions.

4.1 First step: Curvature effects

The data extrapolation is realized in three sub-steps (figure 3). The data is first extracted at the outer-edge of the
thermal boundary layer for a given point on the body surface and are used to specify the boundary conditions for the
CFD simulations of the equivalent flat plate configuration. Then, the results are compared.
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Figure 2: Methodology of the heat flux duplication from a re-entry vehicle windward side into the Plasmatron facility.

• Extraction of extrapolation parameters. Based on a numerical simulation of the IXV’s windward side, for a
given point at the surface of the body, the velocity, the temperature, the pressure and the chemical composition
are extracted at the outer edge of the thermal boundary layer, which is defined by 99% of the difference of total
enthalpy from the wall, following:

0.99 =
Ht (s, δ (s)) − Ht,w (s)

Ht,∞ (s) − Ht,w (s)
(6)

• Design and CFD of an equivalent flat plate. Ideally, on the flat plate configuration, the flow has the velocity,
the pressure, and the temperature uniform and constant along the outer edge of the boundary layer. Based on this
assumption, the inlet conditions for flat plate simulations are the same as those parameters extracted at the outer
edge of the boundary layer on IXV.

The point over an equivalent flat plate seq, at which the boundary layer profile is locally reproduced, is determined
by reproducing the Lees-Dorodnitsyn coordinate abscissa for duplicating the flight factor, as the outer-edge
velocity is reproduced. The integration of that coordinate must start from the stagnation point of the flat plate. In
fact, as the boundary layer thickness must be finite, the velocity at ξ = 0 must be equal to zero (eq. (7)). Only at
the stagnation point region, this condition is available.

uδ (ξ) ∝ δ
√

2ξ
∫ 1

0 ρ (η) dη
→ 0 when ξ → 0 (7)

• Comparison between flat plates and IXV computation results. To assess the accuracy and the efficiency of
the extrapolation methodology, the flight and the flat plate variables are compared using:

∆φ

φ
= 100 ×

(
φIXV − φ f p

)

φIXV
(8)

Figure 3: Data extrapolation process
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After the first extrapolation step, the obtained results allow assessing the effects of curvature.

4.2 Second step: Scaling over a flat plate model

The equivalent flat plate is reduced to fit with the Plasmatron facility dimension by using the off-stagnation method-
ology between two plates, as proposed by Barbante.3 The heat flux is compared with that obtained from the IXV
simulation to obtain a global efficiency of the heat flux duplication of the full methodology.

4.3 Reference IXV re-entry simulation

The feasibility of the methodology is shown by taking as example the windward side of IXV. The full scale IXV vehicle
is 5 m long, 1.5 m high and 2.2 m wide. The flight conditions are the same as those used by Ledard8 and provided in
table 1. The body is assumed to be in Earth atmospheric re-entry at an altitude of 60 km.

Table 1: IXV atmospheric re-entry case.

P∞ (Pa) T∞ (K) U∞
(
m.s−1

)
YN YO YO2 YNO YN2

IXV case at M = 20 6.13 222.44 5980.11 0 0 0.23 0 0.77

A 2D-symmetry along the stagnation line is applied to the 2D IXV geometry. The surface is low catalytic
(γ = 0.00694) and the radiative equilibrium is assumed with an emissivity of 0.8. The 2D case is considered here as
a first attempt to assess the methodology, but using 2D-axisymmetric and 3D simulations will be also of interest in the
near future.

5. CFD simulation of the flow

The steady state computation of the hypersonic flow over the IXV windward side is made with the CFD++ solver from
Metacomp Technologies with a 2D structured mesh (figure 4). The considered gas is ideal, with 5 different species
(N, O, O2, NO and N2), and plugged into Park’s chemical model.9 Ionization phenomenon is not taken into account.
The flow is assumed compressible and laminar. No turbulence model is introduced because Reynolds number is low
enough in such conditions. As the pressure is low (<3400 Pa) and the temperature is below 6000 K, the shock layer
can be considered optically thin. Hence, the radiation contribution to the heat flux is neglected.

For the geometry of the flat plate, it must take into account strong subsonic compressible effects. A thin flat
plate, with a radius of 1 mm, enables the compression and the expansion regions to be confined close to the stagnation
point, leaving the remaining part of the flat plate free of any pressure gradient. The entire length of the flat plate is
equal to 2 meters. At the inlet, only temperature, velocity and mass fraction of species are imposed equal to the ones
extracted from IXV simulations, as defined in the previous section. Similarly, static pressure is prescribed at the outlet.
The same symmetry and wall conditions are chosen between the equivalent flat plate and IXV. Furthermore, the flow
model, the reactions, assumptions about the gas, catalycity and the emissivity values are the same in the flat plate and
the IXV simulations.

6. Numerical results

The comparison of numerical results from the IXV and flat plates computations assesses the curvature effect over the
flight-to-ground extrapolation. Five points on the wall, whose coordinate starts from the stagnation point of the IXV,
are chosen: case 1 (s = 20 cm), case 2 (s = 40 cm), case 3 (s = 60 cm), case 4 (s = 80 cm) and case 5 (s = 1 m). The
studied zone contains, on the other hand, a strong variation of pressure because of the curvature and the proximity of
the shock. Cases 1 and 2 are located in the region where the pressure gradient is strong. For the three other cases (3, 4
and 5), little variation of pressure is observed (figure 5). All cases are in subsonic regime (Mach number, table 2).
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Figure 4: 2D mesh of the IXV windward. Figure 5: Pressure evolution along the outer-edge.

6.1 Curvature effects: results and discussion

For each case, pressure, temperature, velocity and species mass fractions at the outer edge of the IXV’s boundary layer
are provided in table 2. Their respective heat flux and the Lees-Dorodnitsyn abscissa are also given.

Table 2: Sample point cases on the IXV windward surface

Case 1 2 3 4 5

Mδ 0.37 0.68 0.79 0.78 0.79
Pδ (Pa) 3005 2456 2239 2271 2278
Tδ (K) 5608 5366 5279 5335 5362
Uδ (m.s−1) 659 1181 1362 1361 1377
YN,δ 0.201 0.197 0.194 0.192 0.190
YO,δ 0.228 0.229 0.229 0.229 0.229
YO2 ,δ 4.6×10−5 3.2×10−5 2.8×10−5 3.2×10−5 3.4×10−5

YNO,δ 0.003 0.003 0.002 0.003 0.003
YN2 ,δ 0.567 0.572 0.575 0.577 0.579
ξ (kg2.m−2.s−2) 9.8×10−6 3.4×10−5 6.3×10−5 9.3×10−5 1.2×10−4

Qw (kW.m−2) 191.1 153.9 119.6 103.4 93.7

Discrepancies are provided in table 3. The duplication of the heat flux and the boundary layer thickness presents
a maximum gap of 9%. The flight condition factor is well reproduced with a difference of 3% for case 1 and less than
1% for the others. As it represents the time scale of the flow, the Damköhler number is naturally very well duplicated.
However the total enthalpy at the wall is not reproduced as well as other parameters. For instance, differences can reach
more than 10% for case 1, but it can be as low as 6% in case 5. Hence, the equivalent flat plates overestimate the total
enthalpy at the wall.

For cases 1 and 2, both the boundary layer thickness and the heat flux are very well reproduced. However, for
cases 3, 4 and 5, the heat flux becomes overestimated over the flat plate by 8.2% and the boundary layer thickness 8.4%
lower than in IXV. Therefore, the evolution of the heat flux seems related to the boundary layer thickness.
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Table 3: Comparison between the IXV flight and the equivalent flat plate simulations.

Case 1 2 3 4 5

seq (cm) 10.8 24.4 41.7 62.3 82.6
∆ fc/ fc (%) 2.8 0.5 -0.1 0.5 1.0
∆Da/Da (%) -3.8 -0.4 1.4 -0.5 -1.7
∆δb.l./δb.l. (%) 0.4 2.5 6.6 8.4 8.7
∆Htw/Htw (%) -10.9 -8.9 -8.6 -7.9 -6.6
∆Qw/Qw (%) 1.8 -1.0 -8.1 -8.2 -7.1
∆φth/φth (%) 14 4 -7 -12 -6
∆φN/φN (%) -62 -42 -47 -49 -54
∆φO/φO (%) -7.7 -0.7 -4.9 1.1 -1.3
∆φO2 /φO2 (%) 9.2 -0.6 -7.1 -0.8 -2.8
∆φallspecies/φallspecies (%) -26.3 -12.7 -14.1 -1.1 -5.5

The temperature profiles shown in figure 6 show good agreement between IXV and flat plate, especially at s =

40 cm. For cases 4 and 5, the equivalent flat plate temperature profiles slightly overestimate those of IXV. Interestingly,
the non-dimensional temperature profiles converge to the distribution seen in figure 7. This lack of sensitivity may be
due to the low Eckert number. Hence, the thermochemical phenomena prevail over the kinetic effects.

Figure 6: Temperature profiles for each point
cases

Figure 7: Non-dimensional temperature profiles for each
point cases

However, such conclusion might not be enough because of the presence of pressure gradient. Indeed, the source
term in the total enthalpy equation that depends on the pressure gradient might be non-negligible if the pressure gradient
is too strong. To validate such hypothesis, the total enthalpy equation has been considered, and its non-dimensional
form is written as:

ρ̄

(
ū
∂H̄t

∂x̄
+ v̂

∂H̄t

∂ŷ

)
= Ec

ū
∂P̄
∂x̄

+ µ̄

(
∂ū
∂ŷ

)2 +
∂

∂ŷ


λ̄

Pr
∂T̄
∂ŷ

+

N∑

I=1

ρ̄D̄I h̄I

S cI

∂YI

∂ŷ

 (9)

The non-dimensional parameters are brought together in the table 4:

Table 4: Non dimensional parameters for the equation (9).

x̄ ŷ ū v̂ ρ̄ µ̄ λ̄ D̄I P̄ T̄ H̄t

x/L
√

Re y/L u/uδ
√

Re v/uδ ρ/ρδ µ/µδ λ/λδ DI/DI,δ P/
(
ρδu2

δ

)
Cp,δT/hδ Ht/hδ

Table 5 summarizes Ec and Ec∂P̄/∂x̄ and it shows that, in the present study case, the pressure gradient has a
negligible impact on the boundary layer. Therefore the curvature of the IXV windward side, which induces a strong
pressure gradient, has very few effects on the total enthalpy variation, concluding that the nature of the total enthalpy
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boundary layer is mainly diffusive.

Table 5: Eckert number for each studied case.

Case 1 2 3 4 5

Eckert number Ec 0.025 0.082 0.111 0.111 0.114
Ec
∂P̄
∂x̄

-2.2 × 10−2 -4.9× 10−2 5.0× 10−3 3.0× 10−3 3.0× 10−4

The atomic and molecular nitrogen mass fraction profiles present discrepancies between the IXV and the equiv-
alent flat plate which, in addition, increases close to the wall, as shown in figures 8 and 9, respectively. Particularly, the
mass fraction of atomic nitrogen at the wall is lower on the IXV than over the equivalent flat plate. This could explain
the overestimation of the contribution of the Nitrogen diffusion to the heat flux on the equivalent flat plate.

Figure 8: Mass fraction of N profiles. Figure 9: Mass fraction of N2 profiles.

For the oxygen species: O, NO, O2 (figures 10 and 11), the mass fraction matching between the equivalent flat
plate and the IXV seems good whereas the N and N2 are species which are very sensitive to thermochemical phenomena
involved in the flow.

Figure 10: Mass fraction of O profiles. Figure 11: Mass fraction of O2 profiles.
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6.2 Off-stagnation methodology

The scaling step of the off-stagnation extrapolation methodology is applied for cases where the first step is most suc-
cessful. Barbante3 has shown that the outer edge velocity duplication requirement could be relaxed to reduce the length
of the flat plate as the Eckert number is very low (table 5). This means that the thermochemical effects prevail over the
kinetics ones in the boundary layer.

The flat plate available for the Plasmatron wind tunnel is 24 cm long and 2.5 cm thick (figure 12). The leading
edge has a radius equal to 1.25 cm. The duplication is made at the trailing edge of the plate. Since the Plasmatron
test model needs to be water-cooled, its thickness does not match the used for the equivalent flat plate in the previous
simulations. This leads the end of the flat plate to be at a wall coordinate of 24.3 cm. Then, flow velocity in the
Plasmatron is obtained by reproducing the parameter uδ/x. The length x must be computed from the seq with the same
method followed previously due to the significant difference of nose radius between the equivalent flat plate and the
Plasmatron flat plate. Hence its expression is written as:

Upls = Lpls
Uδ

Leq
(10)

Where Upls is the velocity in the Plasmatron facility and Lpls the length of the Plasmatron flat plate. Uδ is the
velocity at the outer-edge of the boundary layer in the IXV and Leq is the equivalent flat plate length for a specified seq.
The boundary conditions are almost the same as those in the equivalent flat plates, except for the velocity value which
is equal to the Plasmatron velocity reported in table 6. Here, the catalycity value is constant along the flat plate and the
same as that was prescribed for the IXV.

The results of the heat flux duplication are given in table 7. The equivalent flat plate heat flux, compared with
the Plasmatron flat plate, is overestimated by 6.6% for the case 3, and about 5.7% for 80 cm and 5.0% for the case 5.
However, the duplication is reasonable as these heat flux differences are below 7%. The total enthalpy shows also a
gap about 4.5%, which is lower than the obtained in step 1 due to the relaxation process of the velocity.

However, for cases 1 and 2, the velocity is very close to that of the equivalent flat plate. In fact, the length
of the equivalent flat plate designed for the case 2 is equal to 24.4 cm, which is nearly the same as the length of
the experimental flat plate (24.3 cm). For the case 1, as the measurement is done at s=12 cm instead of 24 cm, the
Plasmatron velocity is very close to the equivalent flat plate case. Hence, the simulation results match perfectly.

Table 6: Plasmatron velocities for cases 1, 2, 3, 4 and 5.

Case 1 2 3 4 5

Uplasmatron (m.s−1) 759.31 1179.6 777.6 533.4 413.3

1The distance from the stagnation point is 12 cm instead of
24 cm because, as the equivalent length related to the case
1 is equal to 10.80 cm, the velocity should be equal to 1520
m.s−1, which means a Mach number of M = 0.85. The flow
is in transonic regime and the design does not fit with such
conditions.

Table 7: Results of duplication from equivalent flat
plate to Plasmatron test flat plate.

Case 1 2 3 4 5

∆ fc/ fc (%) -1.7 -0.4 1.2 -0.1 -1.1
∆Da/Da (%) 3.4 0.8 -3.3 0.4 2.9
∆Ht/Ht (%) -0.4 0 3.5 4.4 4.9
∆δb.l./δb.l. (%) -2.6 -2.6 -5.7 -4 -2.4
∆Htw/Htw (%) 0.9 2.1 3.4 2.3 1.4
∆Qw/Qw (%) 0.2 1.1 6.6 5.7 5.0

As the flight factor is reproduced, the Damköhler number is duplicated as well with a maximum gap around 3%.
The profiles of species fraction, which are not shown here, are also well duplicated and in agreement with the theory.

7. Plasmatron experiments: expectations and results

The flat plate currently used in the Plasmatron is made of copper to improve the efficiency of the cooling system.
However, to test TPS materials, an area of 18 cm long by 3 cm wide is left to insert a sample (figure 12), with the
beginning of the sample set at 6.3 cm downstream of the stagnation point. This means that a catalytic jump will be
enforced during the test in a shear flow configuration. For sake of realism, the mesh of the previous Plasmatron flat
plate model is modified by splitting the wall in two parts with different catalycities. The first one is copper (γ = 0.1)
and the other is the material sample, which has the same catalycity used for IXV simulations.
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The off-stagnation methodology is applied to the equivalent flat plate with the catalytic jump. The new com-
parison of duplication parameters is shown on the table 8. The point chosen for the heat flux measurement over the
experimental flat plate for the case 1 is put at 17 cm instead of 12 cm from the stagnation point to avoid excessive
velocity discrepancies from the free-stream value. Hence the new value of velocity for the case 1 in the Plasmatron is
Upls = 995.6 m.s−1.

Figure 12: Experimental Plasmatron flat plate.10

Table 8: Results of duplication from equivalent flat plate to
real Plasmatron test flat plate.

Case 1 2 3 4 5

∆ fc/ fc (%) -2.4 -2.0 0.2 -1.3 -2.3
∆Da/Da (%) 3.4 3.9 -1.3 2.6 5.0
∆Ht/Ht (%) -1.5 0.1 3.6 4.6 5.3
∆δb.l./δb.l. (%) -13.3 -10.5 -12.6 -7.8 -1.8
∆Htw/Htw (%) 32.9 22.1 25.3 21.3 17.9
∆Qw/Qw (%) 7.0 5.6 12.7 12.6 12.0

The equivalent flat plate heat flux is 12.7% higher than for the Plasmatron flat plate with the catalytic jump. This
represents an increase of 6 points of the discrepancies considering the previous comparison case. The Damköhler num-
ber is reasonably duplicated for all cases with a maximum gap of 5%. The total enthalpy at the wall follows the same
trend than the heat flux: the discrepancies increase sharply (32% for the case 1) and, therefore, such parameter is no
longer properly duplicated. Such behavior contrasts with the ideal case proposed previously. Therefore, it would seem
that the methodology is sensitive to catalytic transitions. Hence, the catalycity change affects significantly the energy
distribution over the Plasmatron flat plate. The temperature profile and species profiles are no longer reproduced with
a catalytic jump (figures 13 and 14).

Figure 13: Temperature profiles for experimen-
tal flat plate case.

Figure 14: Atomic nitrogen mass fraction profiles for ex-
perimental flat plate case.

Over the Plasmatron flat plate, temperature is higher than over the equivalent flat plate, contrary to what is ob-
served in the ideal Plasmatron flat plate case. Even though the Damköhler number seems correctly reproduced at the
outer edge of the boundary layer, the species profiles show significant discrepancies. The oxygen species do not have
the profiles reproduced, as seen in figure 15. The oxygen mass fraction is higher on the equivalent flat plate than over
the experimental flat plate, and the same is observed for nitrogen. Hence, since temperature and species profiles are
not reproduced, the wall total enthalpy is not duplicated.
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Downstream the catalytic jump, the heat flux is lower on the Plasmatron flat plate than the found on the equivalent
flat plate, whereas the comparison shows the opposite upstream (figure 16). As compared with the equivalent flat plate,
the mass fraction of dissociated species at the wall is lower on the real flat plate, the catalytic recombination is less
intense as well, increasing the heat flux duplication discrepancies (table 8).

Figure 15: Oxygen mass fraction profiles for
experimental flat plate case.

Figure 16: Heat flux comparison for experimental flat plate
case.

In conclusion, the effect of the catalytic transition is significant over the experimental flat plate. The methodology
could be improved by lengthening the experimental flat plate and having measurement points farther downstream the
catalytic jump.

8. Global comparison of the heat flux between the IXV flight and the Plasmatron facility

The heat flux extrapolation from flight to an equivalent flat plate has presented few discrepancies (< 10%). Hence,
considering the previous studies, the direct heat flux duplication can be attempted from IXV flight to Plasmatron
facility. Not only sample points on the IXV vehicle have to be chosen, but also the measuring locations over the
experimental flat plate. Then, the Plasmatron velocity condition has to be determined with:

uin,pls = xplsU2
IXV

ρIXVµIXV

ξIXV
(11)

Choosing the same sample points and the same IXV measurement points as before (with xpls = 17 cm for the
case 1), the velocities in the Plasmatron for each case are provided in table 9, and the extrapolation results are shown
in the table 10.

Table 9: Plasmatron velocities for cases 1, 2, 3,
4 and 5.

Case 1 2 3 4 5

Uplasmatron (m.s−1) 995.5 1179.6 777.6 533.4 413.3

Table 10: Comparison between the IXV flight data and the
experimental flat plate results from direct duplication pro-
cess.

Case 1 2 3 4 5

∆ fc/ fc (%) 1.6 -1.5 -1.0 -0.6 -0.3
∆Da/Da (%) -2.6 3.5 2.3 1.8 1.6
∆δb.l./δb.l. (%) -14.2 -7.8 -4.0 1.0 6.3
∆Htw/Htw (%) 17.2 10.8 12.6 11.2 10.3
∆Qw/Qw (%) 9.4 4.6 5.0 5.6 6.5

The outer-edge parameters, temperature, pressure, N, O and N2 mass fractions are very well duplicated with a
maximal discrepancy equal to 2.20%. The flight condition factor and the Damköhler number are also well reproduced
with a maximum difference of 1.63% for the former and 3.5% for the latter. Results lead to significant differences in
total enthalpy at the wall (17.2%) and below 10% in heat flux.
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9. Conclusion

The paper aims at defining an experimental strategy for duplicating the heat flux from a configuration in flight to a
ground test in the Plasmatron facility, on a complex configuration such the IXV. The methodology is applied in two
steps:

• Data extrapolation from flight to equivalent flat plates

• Application of the off-stagnation methodology upon the equivalent flat plates

Five points over the surface of the IXV have been taken for the study at s = 20 cm, 40 cm, 60 cm, 80 cm and 1 m.
The heat flux is very well extrapolated for cases 1 and 2. For the other cases, the equivalent flat plates overestimate the
heat flux with a maximum gap of 8.2% which is considered as a reasonable extrapolation. The curvature of the IXV
windward side does not affect the heat flux through the pressure gradient. Hence the total enthalpy boundary layer is
mainly diffusive.

Considering the actual design of the experimental flat plate, the duplication methodology is applied to assess the
differences from the theoretical duplication methodology. Contrary to the theoretical case, the wall total enthalpy is not
well reproduced. The underestimation of the heat flux observed with the theoretical application of the off-stagnation
methodology increases until 12%. The direct duplication is also applied to assess the global error from flight to Plas-
matron facility using the real experimental flat plate. The global differences do not exceed 10% for the case 1 and 7%
for the other cases.

Therefore, the presented extrapolation methodology can duplicate the heat flux, from a re-entry body flight to
Plasmatron testing facility, with a reasonable accuracy allowing a better design for TPS. Nevertheless, its actual ef-
ficiency must be assessed by an experimental validation of the methodology which will be implemented in future
investigations. Furthermore, the methodology has to be applied for other flight cases and shapes to define the range of
its application.

However, some discrepancies may come from the physical and numerical models used in the extrapolation
methodology:

• The thermal and mass diffusion phenomena govern the heat flux but, the transport of species in the high velocity
part of the boundary layer may alter the mass fraction diffused to the wall, because of the consumption history
of species, providing less fuel to the catalytic wall.

• The diffusion model used in this project is the Fick’s law which considers only binary diffusion. The model
could be improved to have a more realistic distribution of species in the reacting boundary layer. Besides, the
shock layer is assumed only in chemical non-equilibrium. Chemical reactions happen but the flow remains in
thermal equilibrium. For other flight case, thermal non-equilibrium flow could appear if the Knudsen number
were higher than 10 and its effects on the extrapolation process must be therefore assessed.
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