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Abstract

The flight in hypersonic conditions implies important challenges for the vehicle development concerning
the thermal protection of the external structures, especially in the case of sharp leading edges, where the
short standoff distance of the forming shock waves typically determines severe aero-thermal loads. In
the framework of the HIFLIER1 flight research experiment, the DLR Institute of Structures and Design,
in collaboration with the High Enthalpy Flow Diagnostics Group at the University of Stuttgart, is
responsible for setting up the so-called FinExIl module of the sounding rocket, for flight testing of the
transpiration cooling technology applied to porous ceramic matrix composite structures as a possible
approach for thermal management of sharp leading edges in hypersonic regime. For this purpose, the
module will house four fins, whose leading edge is made of an inhouse-developed porous C/C-SiC
material, connected to a gas system feeding nitrogen for the transpiration cooling application. The
present paper gives an overview of the module design, supported by efficient numerical modelling to
estimate the effect of the transpiration cooling, and the pre-flight activities, including the fins
manufacturing and pre-flight characterization as well as the rocket module setup.

1. Introduction

The flight in hypersonic conditions implies important challenges for the vehicle development concerning especially
the thermal protection of the external structures, which are exposed to the actual high enthalpy flow field, resulting in
high thermal loads on the vehicle structure. In the cases of sharp leading edges, like for example for wing leading
edges, stabilizer fins and air intakes, the high heat loads become even more critical, because the strong shock is not
detached from the surface as it is the case for blunt bodies [1].

Since the 1990s, lightweight ceramic matrix composites (CMC), such as C/C-SiC, are of fundamental interest as
thermal protection systems due to their high temperature resistance and favourable thermal and mechanical properties.
However, the material is challenging in terms of design and manufacturing. In this framework, the Institute of
Structures and Design of the German Aerospace Centre (DLR-BT) has developed a unique expertise for the
development of such materials [2], its full characterization as well as the integration and validation as a thermal
protection system (TPS) for hypersonic sounding rocket flight experiments, successfully flown for example in
SHEFEX I and Il [3, 4] and most recently in STORT [5, 6]. The FinEx experiment on the HiFire-5 flight experiment
[7] proved the successful implementation of this material for stabilizer fin structures.

In order to overcome the load limits for sharp leading edges, active cooling of the structure could become necessary,
e.g. for flight at increasing Mach number or for longer operational time, i.e. for increasing integral thermal load. In this
framework, one of the possibilities is represented by transpiration cooling, which consists in forcing a coolant fluid
through a porous wall into the hot gas region, with the double effect of directly cooling the wall itself and mixing into
the boundary layer creating a protective cooling film resulting in a lower convective heat flux [8, 9].

In order to combine the application of CMC structures with the transpiration cooling technology, DLR-BT has worked
in the past years in the development of a variant of the C/C-SiC material with defined porosity level designed
specifically for transpiration cooling applications, denominated OCTRA (Optimized Ceramic for Hypersonic
Application with Transpiration Cooling) [10]. OCTRA has only been used so far in ground testing experiments of a
sharp leading edge design [11], as well as in the context of investigating rocket engine combustion chamber cooling
[12].

In order to test the mentioned technologies applied to stabilizing fins with sharp leading edge under real hypersonic
flight conditions, the DLR-BT, in collaboration with the High Enthalpy Flow Diagnostic group (HEFDIG) of the
Institute of Space Systems (IRS) at the University of Stuttgart is responsible for the design and construction of a
sounding rocket module (so called FinExIl). The module will be hosted on the sounding rocket developed in the
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framework of the Hypersonic International Flight Research Experimentation (HIFLIERL), a project coordinated by the
US Air Force Research Laboratory (AFRL) in collaboration with DLR's Mobile Rocket Base (MORABA) for the
management of the flight mission campaign. The flight of the sounding rocket is scheduled in October 2023.

In the present paper, the FinExIl module design will be presented. The design process is supported by numerical
analyses for the estimation and verification of the fins’ thermo-structural behaviour and for a first qualitative evaluation
of the heat transfer reduction on the fins due to transpiration cooling and the corresponding temperatures. The
manufacturing process of the CMC fins, the assembly of the rocket module and the preliminary ground tests carried
out for the calibration and verification of the experimental concept, from the characterization of the permeability of
the fin leading edges to the calibration of the coolant gas system operating conditions, will also be described.

2. FinExII design overview

The general design of the sounding rocket module dedicated to the FinExII experiment is shown in Figure 1.

R Fin R2

Fin C2 FinR1

Figure 1: FinEx Il module overall design.
In particular, the module is equipped with four identical fins as shown in Figure 1, each pair of diametrically opposite
fins exposed to the same flow conditions determined by the upstream sounding rocket forebody.

A detailed description of the fins design, the gas system configuration and the operating conditions is given in the
following.

2.1 Design of the CMC fins with porous leading edge for transpiration cooling

Figure 2 shows a schematic of the fin design

Gas Plenum

OCTRA 40

Classical
c/c-sic

a) Fin isometric view b) Cut view of the fin integrated in the module

Figure 2: Fin design.
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The fin is made of two different parts joined together. In fact, in order to concentrate the transpiration cooling in the
region of the leading edge, which is expected to reach higher temperatures, only the forward part of the fin (displayed
in light grey in Figure 2) is made of the permeable OCTRA material, while the remaining part (in dark grey in Figure
2) is made of classical impermeable C/C-SiC.

In particular, the OCTRA material is a development based on the C/C-SiC material obtained through the classical
Liquid Silicon Infiltration (LSI) process [2], where in the initial manufacturing of the carbon fibre reinforced polymer
(CFRP) precursor a defined portion of the carbon fibres is replaced with thermally non-stable aramid fibres. The fibres
are degrading in the pyrolysis process step, leading to defined cavities inside the material, which cannot be completely
filled in the final infiltration of liquid silicon. This allows for adjustable porosities in a range between 1% and 10% for
the OCTRA material [10]. In this work, the so-called OCTRA40 material is used, indicating a 40%vol percentage of
aramid fibres in the CFRP preform leading to a porosity of around 10% in the final C/C-SiC state.

The above described process allows also a control on the main orientation of the pores in the final OCTRA material
and consequently of the cooling flow. In fact, using two-dimensional mixed carbon/aramid fibre plies in the
manufacturing of the CFRP preform results in a main orientation of the pores parallel to the chosen fibre orientation,
which for the case of the fins in the present work is shown in Figure 3.

The characterization of the base OCTRA material used in the present work is reported in [12, 13] in terms of
thermophysical properties and of the Darcy-Forchheimer permeability.

T

\_OCTRA 40 )

|C/C-SiC

Figure 3: Fin fibres orientation.

With reference to Figure 2b, inside the permeable leading edge, a plenum volume for the cooling gas is foreseen. The
gaseous nitrogen is fed in the plenum through a hole in the C/C-SiC component in which a 6 mm stainless steel tube
is soldered, which assures also the sealing at the operating pressure. Three holes are included in the OCTRA40 leading
edge for the routing of type K thermocouples for temperature measurements. The position of the thermocouples was
defined for optimizing the inverse estimation of the wall heat flux, according to the methodology described in Sec. 2.4.

2.2 Cooling gas feeding system and nominal operation conditions

Figure 4 shows the schematic representation of the feeding line for the gaseous nitrogen employed as coolant gas. The
corresponding components in the 3D CAD model, as designed for the FinEx Il experiment module, can be seen in
Figure 1b.

The gas is contained at an initial pressure of 240 bar in a small gas tank (ARMOTECH, 1), which has an internal
volume of 800 ml. The filling of the tank is carried out before flight through the filling line (2), including a dedicated
intake valve, a Swagelok® filter to avoid any contamination of the gas in the system and a check valve.

A pressure reducer (Swagelok®, 3) set to a specific position before flight reduces the gas pressure to the nominal
absolute pressure of 13,7 bar defined for the transpiration cooling. The pressure reducer is followed by the solenoid
valve (Burkert 6013, 4), which is opened via an electric signal during the prescribed experiment windows.

After the solenoid valve the gas is split in two different lines through a dedicated component (5). At this point a
combined pressure and temperature sensor (Kulite® HKL-T-312) is foreseen for measuring the gas total pressure and
temperature.
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Figure 4: FinEx cooling gas feeding line schematic.

Along the line feeding the cooling gas to the Fin C1 a constant mass flow rate of the cooling gas is foreseen, which is
obtained including along the line a disk with an orifice (6) with a prescribed diameter operating in choked conditions
(M=1 at the throat section). On the other line feeding the cooling gas to the Fin C2, a mass flow rate controller
(Bronkhorst® IN-FLOW F-201Al, 7) is included, which is in turn connected to the electronics designed to control the
mass flow rate of the cooling gas according to the aerothermal load acting on the corresponding fin, as it will be
described in Sec. 2.3.

Combined pressure and temperature sensor are included upstream each fin to measures the corresponding pressure and
temperature in the plenum. In this way, the case of the fins R1 and R2, the pressure of the aerodynamic flow on the
external surface will be obtained.

Table 1 summarizes the nominal transpiration cooling operating conditions for the different fins. For the fin C1 a
traditional approach is implemented with a constant mass flow rate of the coolant gas, whose nominal value is defined
based on the experience gained in the previous flight experiment AKTiV on SHEFEX Il [14]. For the fin C2 a new
approach is considered in which the mass flow rate of the cooling gas is adjusted in real time according to the
instantaneous actual thermal load applying the so-called Cooling Adjustment for Transpiration Systems (CATS)
method, developed by HEFDIG [15]; more details are given in Sec 2.3.

The transpiration cooling experiment will be activated on the two cooled fins switching on the coolant mass flow in
two different time windows, with a duration of 50 s each, when hypersonic conditions (with Mach numbers up to 6)
are reached during the ascent and the descent phases of the rocket flight trajectory, i.e. correspondingly to the peak of
the convective heat flux, as it will be shown in Sec. 3.

Table 1: Transpiration cooling operating mass flow rates for the different fins.

Fin R1 Fin C1 Fin R2 Fin C2

No cooling No cooling
Reference for fin C1 Reference for fin C2

0,85 gls CATS method

2.3 Cooling Adjustment for Transpiration Systems applied to FinEx 11

Cooling Adjustment for Transpiration Systems (CATS) is a method to automatically adjust the cooling of a
transpiration cooled wall depending on the real-time measured surface heat flux [15]. One particular feature of CATS
is that the heat flux is derived from exclusively non-intrusive measurements. Hence, the transpiration cooled structure
is not required to be equipped with any sensor system, which potentially weakens the structure or perturbates the
transpiration cooling itself.

As shown in Figure 4, the CATS system consists of the porous fin, a mass flow rate controller and a pressure gauge to
measure the pressure in the plenum, i.e. between flow controller and fin. Additionally, the plenum of the uncooled Fin
R2 is equipped with a pressure gauge to measure the ambient pressure. The in-flight calculations and automatic
adjustment of the cooling are performed by a microcontroller in an on-board electronics box.

The essential measurement is the pressure drop over the transpiration cooled wall. From this we find the mean fluid
temperature in the transpiration cooled wall T with the relation of Darcy’s law:
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using a look-up table and the approximation of the viscosity by Sutherland’s Law. Here, p,,; and p, are the gas pressures
in the plenum and the ambient, R is the specific gas constant of an ideal gas of nitrogen, L and A are the length and
cross-sectional area of the porous wall and K is the permeability coefficient. The mass flow rate 1 is measured by the
flow controller. This formulation is derived from the Darcy law with the density substituted by the ideal gas law and
the superficial Darcy velocity substituted with Eq. (13).

The calculated temperature and mass flow rate are the input variables in the equation to determine the surface heat
flux, which is

T(t)
dt

d
Ggt) =a + cm(t) (T(t) — T(0)) )
The parameters a and c are found using a system identification approach and non-destructive calibration of the actual
flight hardware. Here, the calibration heat flux is provided by an infra-red laser.
The required calculations are computationally cheap and are performed by a microcontroller in real-time. The micro-
controller adjusts the setpoint of the mass flow controller depending on the measured heat flux according to

mset(t) = mmin +k Q(t) (3)

with the minimum mass flow rate 7,,;,, and the proportional factor k. This means that the cooling is boosted at the
same time as the heat flux affects the surface. This is particularly useful with regards to the film cooling characteristics
of transpiration cooling, which reduces the inbound heat flux proportionally to its magnitude. Thus, the integrated heat
load is minimized.

2.4 Non-Integer System Identification method for spatially resolved heat flux determination

The Non-Integer System Identification (NISI) Method is used for the determination of surface heat flux from an in-
depth temperature measurement [16]. The process chain of the NISI method is summarized in Figure 5. A system
identification approach is applied where the heat flux ¢ and temperature T are related by

L dn/? M an/?
z U T () = Z b g 4O (4)

n=Lg n=My

The parameters a,and f3,, are found from calibration data. The actual hardware is calibrated non-destructively using
an infra-red laser as the heat source.

With the identified system we calculate the system’s impulse response. The impulse response is used in the final stage
to solve the inverse heat conduction problem, i.e. the determination of the surface heat flux from the measured
temperature data, applying common methods as for example the future time algorithm by Beck [17].

This approach can be extended to a set of temperature sensors in order to resolve the determination of surface heat flux
into individual areas [18]. We apply this NISI3D approach to the HIFLIER1 fins, where we will measure the heat flux
onto three areas as shown in Figure 6. The temperatures are measured by three thermocouples in each fin (see Figure
2). The experimental calibration stage is summarized in section 4.3.

CIO,dirac(t) % th,m(t) %

} 1

| . }

th,c(t) o . an IR } . qO,m(t) i
—>{ Identification » Calculate IR > Inversion |——>
o,c(t) Bn i i
| |

Figure 5: Flow chart of the NISI method.
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Area 1 \

Figure 6: Discretization of fin (adapted from [19])

3. Transient thermal analyses during the flight trajectory
3.1 Numerical model

A numerical analysis of the CMC fin was performed with a simplified approach to have a relatively fast estimation of
the material thermal response during the flight and the corresponding effect of activating the transpiration cooling
during the chosen experimental windows.
In particular, the ANSY'S Mechanical software was used to solve the transient energy equation with the Finite Element
(FE) technique, At this stage, including only the fin in the calculation, considering different material properties for the
OCTRA leading edge and the backward part made of classical C/C-SiC. The considered material properties can be
found in Refs. [13]. The heat conduction from the fin to the module through the contact surface at the fin bottom was
assessed to be negligible for the objectives of the present work.
The assigned boundary conditions include:

e aconvective heat flux on the fin external surface;

o aradiative heat flux from the fin external surface exposed to the ambient, considering for the CMC material

an emissivity of 0,85;

o adiabatic condition on the other surfaces.

For what concerns the estimation of the convective heat flux g, during the flight trajectory the classical equation applies

4c = h(T, = Ty) )

where h is the heat transfer coefficient, T, the recovery boundary-layer temperature and T,, the wall temperature.

For the sake of simplicity, in the estimation of the convective heat flux, the fin external surface was split in two parts:
the external surface of the leading edge, which has a semi-angle of inclination respect to the upcoming flow of 6°
(assuming null angle of attack), and the surface of the backward part which is again parallel to the flow. For each of
them constant conditions are assumed. In particular, when supersonic flight is reached, the local flow conditions for
the leading edge are assumed to be the conditions downstream the shock waves forming in correspondence of the
trajectory conditions at each instant, while a following Prandtl-Meyer expansion is assumed for estimating the flow
conditions on the backward part.

With these assumptions the heat transfer coefficient can be calculated as

h =Sty cpripr Ve (6)

where the index “fl” indicates that the quantities are referred to the local external flow conditions.
The Stanton number St can be calculated with the classical correlation formula for laminar flow over a flat plat as

2 1
Sty = 0,664 Pr. ° Re, 2, @)

The recovery boundary-layer temperature on the other hand is calculated as
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Finally, the wall temperature is also initially unknown. For this reason, the following iterative procedure is needed. A
first trial convective heat flux is calculated with Egs. (5) to (8) in cold wall condition, i.e. for T,, = 298,15 K. The
transient thermal simulation is performed in ANSYS with the trial convective heat flux as boundary condition. From
the results of the thermal simulation the time profiles of the wall temperature averaged on each surface is obtained,
which then allows to calculate a new trial convective heat flux. This procedure is then iterated until the maximum
relative error of the wall temperature between one step and the previous one is smaller than 5%.

3.2 Modification of the Stanton number for the case of transpiration cooling

The reduction of the heat transfer due to transpiration cooling is modelled using the correlation of Kays et al. [8], which
is based on a Couette flow assumption. In the case of activation of the transpiration cooling with a fixed cooling gas
mass flow rate r. on the surface of area A, the blowing ratio F can be defined as

M,

F=—— 9
PrVrAc ®)
and a blowing parameter can be defined as
b F 10
T (10)
Where the index “nc” refers to the corresponding non-cooled case.
The Stanton number in the case with transpiration cooling can be obtained from the following equation
c 0,6
b (222)
St h <c
= — (11)

St Cpe \°
nc exp <bh <C:fcl) ) -1

where c,, . is the specific heat of the cooling gas.
Finally, the heat absorbed by conduction by the cooling gas is considered to be a second-order effect in the present
case and is therefore neglected.

3.3 Numerical result of the fin thermal response during flight trajectory

The converged results of the described numerical model are shown in the following considering the nominal trajectory
data and for the cases without cooling and with cooling with a coolant mass flow rate of 0,4 g/s and 0,85 g/s (hominal
case for the fin C1). In the last two cases, the transpiration cooling is considered to be activated in the two chosen
experimental windows, i.e. during ascent between +5 s and +65 s after lift-off and during descent from +365 s until
landing.

Figure 7 shows the profiles of the convective heat flux on the fin leading edge-region for the considered cases, while
Figure 8 shows the corresponding profiles of the minimum, maximum and average temperature (the last is used in Eq.
(5)) on the surface of the same region. It can be observed that for the given ballistic trajectory, the heat flux and
correspondingly the temperature reaches a peak twice, when the maximum Mach number (around 6) is reached during
ascent and during descent. For this reason, the abovementioned time windows were selected for the activation of the
transpiration cooling. The latter is expected to determine a significant reduction of the convective heat flux on the
interested zone. With respect to the maximum value during ascent a reduction of around 40% for the case of 0,4 g/s of
coolant and of around 65% for the case of 0,85 g/s of coolant can be expected, while during descent the reduction is
around 20% and 50% respectively.



DOI: 10.13009/EUCASS2023-005

SETUP OF FLIGHT EXPERIMENT OF TRANSPIRATION COOLED SHARP EDGE FINS ON HIFLIER1

0,05

0,2

Transp. . Transp.
& cool! e No cooling dool.,
E 0.2 . = = =Cooled - 0,4 g/s :
S Cooled - 0,85 g/s i
o i 3
% 0,15 :i
m LT
S A
< :
s 01 :
2 :
S
]
>
=
S
@

0 60 120 180 240 300 360 420
time, s

Figure 7: Comparison between the calculated time profile of the convective heat flux on the leading-edge region of
the fin during the flight nominal trajectory.
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Figure 8: Comparison between the calculated time profile of the minimum, maximum and average temperature on
the fin during the flight nominal trajectory.

For the sake of completeness, the temperature distribution on the fin surface for t = 24 s and t = 399 s, i.e. for the
two peaks of the heat flux and temperatures during ascent and descent, are shown in Figure 9.

At this point it is worth to highlight the simplifying hypothesis of the present model, in which a uniform convective
heat flux is assumed on the whole leading edge area of the fin and, in the case of transpiration cooling, a uniform
coolant mass flux is assumed on the interested area as well, although the actual coolant mass flux distribution depends
on the local conditions, such as the local pressure of the aerodynamic flow, the local solid temperature, as well as on
the geometry of the fin (distance between the internal plenum and the external surface) and on the actual pore
distribution in the material. The development of a more detailed numerical model, based on the CFD model defined in
Peichl et al. [20] for the simulation of the transpiration cooling applied to internal flows, is currently ongoing. In this
regard, the data collected during the flight will be of fundamental importance for the numerical model tuning and final
validation.
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Figure 9: Comparison between the calculated fin temperature distribution in correspondence of the two peaks of
maximum temperature during ascent and during descent.

4. Setup of the FinExIl module

4.1 CMC fins manufacturing process

As already mentioned, the CMC fins were manufactured with the LSl method [2]. In the present case, for the backward
component of the fin a material plate is manufactured via hot pressing method and pyrolyzed to the C/C status. In
parallel, for the porous leading edge a plate is manufactured also with the hot-pressing method but using fabric plies
with carbon and aramid fibres, as also mentioned in Sec. 2.1. The pyrolysis of this plate generates the C/C plate with
a higher porosity which is the basis material for the manufacturing of the OCTRA40 component.

The two plates in the C/C status are then cut according to the transversal profile of the fin, i.e. following the geometry
shown in Figure 2b for the two different part, and the plenum volume is milled in the leading edge part.

At this point the two individual parts are joined together, using a dedicated tool to allow the application of the needed
pressure on the joining area and the correct relative alignment of the parts in the process, as shown in Figure 10.

Figure 10: Joining of OCTRAA40 leading edge to the remaining classical C/C-SiC part

The obtained joined component is then siliconized, yielding the impermeable classical C/C-SiC for the back
component, while the leading edge becomes OCTRA40.
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The fin outer contour is then milled, using diamond-based tools to machine the tenacious C/C-SiC material, and the
holes for the gas feeding and for the thermocouples are obtained via electrical discharge machining (EDM).

Finally, the 6 mm stainless steel tube is soldered to the fin bottom and the thermocouples are glued in the corresponding
holes with a graphite-based paste to assure thermal contact also at relatively high temperatures and with epoxy glue at
the bottom to assure a stable fixture.

A picture of the fin in its final state is shown in Figure 11.

~

Figure 11: Fin for FinEx II.

4.2 Characterisation of the fins’ overall permeability

The pressure loss of a fluid which is perfusing a porous medium can be described by the Darcy-Forchheimer equation
which is formulated by Innocentini et al. [21] as with the Darcy and Forchheimer coefficients K, and K as the material
specific permeation properties.

2 2
p2—pt (W p ) )
_(~ P 12

2p,L <KD) up + <1<F Up (12)

The superficial Darcy velocity u, can be derived from the coolant mass flow rate via the continuity equation

PcAc

Up

(13)

In order to characterize the through-flow behaviour of the transpiration cooled fins, the permeability of the fins was
determined at the AORTA (Advanced Outflow Research Facility for Transpiration Application) facility at DLR-BT
[20]. Steady state pressure measurements were conducted using different mass flow rates of nitrogen at ambient
temperature to obtain the pressure loss-mass flow curve. K, and K were obtained by fitting the measured data
according to Eq. (12), using a “least squares” algorithm. The uncertainties are determined using a Monte-Carlo method
with a sample size of 200000. The resulting Darcy and Forchheimer coefficients determined for both transpiration
cooled fins C1 and C2 with their respective uncertainties are given in Table 2.

As comparison K, and K for the OCTRA40 determined from cylindrical samples are also given. The deviation
between the values of the coefficients obtained for the fins and the plate can partially be attributed to the complex fin
geometry and the corresponding uncertainty in the determination of the projected outflow area and thickness of the
porous medium, which was assumed as A; = 130 mm? and L = 25 mm as average thickness.

Table 2: Darcy and Forchheimer Coefficients of the transpiration cooled fins

Unit Fin C1 Fin C2 OCTRA40 Sample [13]
Darcy coefficient Kp m?2 4,89 x 102 4,35 x 10%2 1,62 x 102
+ 5,68 x 1013 4,49 x 1018
Forchheimer coefficient Kr m 2,59 x 107 2,75 x 107 45x107
+ 1,78 x 108 2,01 x 108

10
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4.3 NISI3D calibration

For the NISI3D calibration the surface of the fins had to be discretized into segments. Figure 6 depicts the applied
discretization. The number of segments corresponds to the number of temperate measurements. The fins are equipped
with three thermocouples each, so a total of three areas per fin can be calibrated. Since the highest heat flux is expected
near the sharp leading edge, the focus is on the resolution of this area. Additionally, thermal conduction between the
C/C-SiC and the OCTRAA40 part can be neglected within the measurement time of the system. Therfore, the three areas
are discretized solely on the OCTRAA40 leading edge. All areas have the same height of 33 mm and span from the
leading edge to the end of the OCTRAA40 part.

The experimental setup for the NISI calibration is shown in Figure 12. The laser beam is spread homogeneously into
a squared spot on the fin. The optical power is calculated from the demand voltage using the manufacturer’s
specifications. The laser (Laserline LDM 500-100) provides a wavelength of 910 nm. The final heat flux on the fin can
then be calculated using the optical power of the laser, the area of the laser spot and the emissivity of OCTRA40. The
temperatures and optical power are recorded using an oscilloscope (LeCroy WaveSurver 24 Xs-A).

A set of laser pulses is applied to one segment, which causes a temperature response at all thermocouple locations.
This is done for all three segments. The surface heat flux and the temperature response are linked as described in
section 2.4. A system identification procedure is then used to find all impulse responses. Each fin is a system of nine
impulse responses, connecting all segments to each thermocouple.

Additionally, all fins were calibrated with the described methodology with and without cooling. The mass flow
controller is the same as presented in subsection 2.2. Fin C2 was calibrated in 0.1 g/s mass flow intervals up to 1 g/s
to account for the varying mass flow rate during the mission.

To further illustrate the output of the calibration an exemplary set of impulse responses is presented in Figure 13.

___________ Aperture Laser LabView
) o~ ‘
' s = (& ]
. f A MFC control

| |

Mass flow controller | Oscilloscope

1,2 Sensor 1 - Uncooled Sensor 1 - Cooled
v Sensor 2 - Uncooled Sensor 2 - Cooled
p 1 Sensor 3 - Uncooled Sensor 3 - Cooled
™
50,8
5
£ 06
o
204
3]
'E._
502
0 /__\
0 10 20 30 40 50

time, s
Figure 13: Sensors responses of fin C1 for impulse heat flux input the area 3.
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The impulse responses are calculated for the fin C1 on the area 3 with and without cooling. The impulse response for
the thermocouple closest to area 3 (sensor 3) has the strongest and fastest reaction to the incoming heat flux. Then the
reaction speed and magnitude drop steadily with increasing distance, signified by sensor 2. For sensor 1 the impulse
response has an almost negligible rise. This general behaviour is expected for the fin and the thermocouples combined
as a system. Addressing the impulse responses for the cooled calibration a deviation to the uncooled calibration
becomes evident. The general tendency is a significant reduction of the impulse responses for longer durations. This
emphasizes the need of the cooled calibration, because a trustworthy heat flux measurement needs the most accurate
impulse response.

In the final step of the calibration, the impulse responses are verified on an additional independent test case. This test
case is a transient triangular and gaussian heat flux in succession on each area. This case is constructed by heating each
area in the initial calibration position and then superpose all results. Figure 14 shows the measured temperatures, the
input and the inversely calculated heat fluxes. The agreement between the input heat flux and the inverse heat flux is
good, i.e. a good set of impulse responses was found.

Input A1l Input A2 Input A3

Meas. Al Meas. A2 Meas. A3

Sensorl = = = Sensorl ===== Sensor 3
2,5 - 60

Heat flux, x10* Wim?

Temperature difference, K

40
time, s
Figure 14: Impulse response verification through independent test case.

4.4 CATS calibration

The experimental setup for the CATS calibration is shown in Figure 15. The same laser system has been used for the
CATS calibration as in the NISI calibration. However, the fin was oriented such that the leading edge pointed towards
the optics, Mirrors on each side of the fin reflected the laser light onto both sides of the permeable part simultaneously.

Figure 15: Experimental setup for the CATS calibration.
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The actual flight hardware, including the on-board electronics box for data acquisition, all sensors, the flow controller
and the gas tubing downstream of the latter, was used for the CATS calibration.

The calibration data are shown in Figure 16. The mass flow rate was set constant and the power of the calibration heat
flux g.,; Was modulated into pulses. The electronics acquired the plenum and ambient pressure (the latter remained
constant at 0.89 bar) and calculated the mean fluid temperature in the porous wall and its time derivative as described
in section 2.4. With these inputs, the parameters in Eq. (2) are found using a least square fit. The resulting heat flux
curve ¢, is given in Figure 16, which nicely matches the input heat flux.

140 0,7
E
= 120 0.6
= ;
= —— Pui
< 100 0,5
— T

2 80 0.4 S
g 5 dr/d
% 60 /\/\//\ 03 -:l'.:l-]"J T/dt
M40 /\v /Av —t 02 L
b~
= .
o 20 0.1 — Yo
=

. 0 0 B gm
&

20 01

0 50 100 150 200 250 300
time, s

Figure 16: Calibration data set for the CATS parameter identification

The calibrated system was tested with the active CATS controller. The experimental data are given in Figure 17.
Overall, the electronics determined the heat flux accurately and adjusted the mass flow rate accordingly as intended.
Note, that the accurate heat flux determination is a valuable result itself.
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Figure 17: Qualification experiment of the active CATS controller
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The heat flux measurement strongly oscillates the instant the mass flow rate is adjusted. This is due to a time delay
between mass flow rate and pressure measurement caused by the utilized sensors. This oscillation was found to
destabilize the controller when running at minimum cycle time of the control loop. The oscillation stabilizes after
around 2 to 2,5 s. We therefore discretized the adjustment of the mass flow rate in steps of 3 s to stabilize the system.
During flight, we expect at least 12 updates of the mass flow rate’s setpoint for both the up- and down leg. This allows
the assessment whether the system performs as intended.
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It is worth noting that the mass flow rate increase is so low because the heat flux applied by the laser is rather small,
i.e. about an order of magnitude lower than the expected peak heat flux during the flight experiment. The proportional
factor k was set to 2.1 x 10 so at the expected peak heat flux of about 200 kW/m2 (see Figure 7) the mass flow rate is
increased by 0.4 g/s. This adds to the minimum mass flow rate of 0.3 g/s (see Eq. (3)).

4.5 FinExIl module assembly

At this point, the gas feeding system was gradually assembled and leakage proof tests were carried out with a special
attention to the high pressure line, verifying that no significant pressure loss would occur for a relatively long time,
corresponding to the time between the last gas bottle fill up until lift-off. The tightness of the system was also tested
under the vibrational load typical of the engine start. Some pictures are shown in Figure 18.

The FinExIl module was finally fully assembled, as shown in Figure 19.

In collaboration with the AFRL and DLR-MORABA, the module was then integrated with the HIFLIER1 payload,
which went successfully through the bench tests, verifying the full functionality of the payload subsystems, and the
environmental tests, including three different vibration tests in the under the typical loads of the engine operation.
The flight of the HIFLIER1 sounding rocket is currently scheduled in October 2023, from ESRANGE in Kiruna,
Sweden.

a) Side view b) Top view

Figure 19: FinEx Il module fully assembled
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5. Conclusions

In the framework of the HIFLIERL1 flight experiment coordinated by the US Air Force Research Laboratory, DLR-BT,
in collaboration with HEFDIG, is developing a module of the sounding rocket for testing the application of the
transpiration cooling technology to sharp leading edges in hypersonic flight conditions.

In particular, for this application the transpiration cooling technology is combined with the use of CMC materials using
a porous variant of the C/C-SiC material developed at the DLR-BT, named OCTRA40, which is employed for the
leading edge of the test fins.

The design of the module, the fins and the coolant gas feeding line are described in this article. In particular, the module
is instrumented with four identical fins, of which two will remain uncooled as references, while the other two will be
transpiration cooled with different operating conditions. In particular, for one of the fins the CATS technique,
developed by HEFDIG, for an optimized control of the coolant mass flow rate according to the actual instantaneous
thermal load is implemented and tested. The effect of the transpiration cooling will be assessed by the in-depth
measurements of the leading edge material temperature, which in turn will also be used for determining the spatially
resolved heat flux acting on the surface by means of the so-called NISI method.

Transient thermal analyses of the CMC fin were carried out to support the design and have a first assessment of the
overall effect of the transpiration cooling on the fin thermal response, considering also the case with transpiration
cooling.

Finally, the pre-flight activities for the manufacturing, characterization and calibration of the fin, the verification of the
gas system and the module assembly are presented.
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