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To advance reusable space transportation vehicles with cryogenic tanks for future space
missions, a reliable thermal management system must be developed. To do so, the challenge of
insulating the propellant while in the same time protecting the structure against re-entry heat
loads needs to be addressed. A possible insulation design including a structural fixation element
for the thermal protection system was developed as part of the DLR-project AKIRA. As key
feature a purged gap was implemented between cryogenic and high-temperature insulation to
reduce overall layer thickness. Thermal experiments simulating both steady-state refueling
phase and transient re-entry phase proved that the defined thermal boundary conditions of
the reference configuration could be met. The insulation system design is outlined in brief and

both the experimental setup and the test results are presented and discussed.

I. Introduction

EUSABLE launch vehicles (RLV) present the opportunity to reduce space mission costs significantly, but the
Rchallenges of developing reliable and low-maintenance transport systems are many-faceted. One of them concerns
the design for reusable propellant tanks of space vehicles in the case when cryogenic liquid fuels are used. On the one
hand, the vehicle requires a thermal protection system (TPS) for performing the re-entry unscathed, which consists of
a highly porous high-temperature (HT) insulation and a surface panel. However, as a governing requirement for the
TPS sizing, it was defined that during the pre-launch tank refueling phase, temperatures must remain positive within
the HT-insulation to prevent frost accumulation due to condensation and freezing of humid air which could lower the
insulation performance significantly, as suggested in [1] and [2]. This, on the other hand, leads to specific issues with
the sizing of a purely thermal insulation of the tank with regard to the design of the TPS. The design problem is to find a

good compromise between proper low-temperature insulation performance considering also boil-off rates during the
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pre-flight tank filling, sizing of the TPS for re-entry including consideration of fixations as possible thermal shorts, and
weight optimization.

The integration of a cryogenic insulation and a TPS onto an RLV tank structure was one of three selected key
issues of RLV development to be addressed in detail with the multidisciplinary research project AKIRA of the German
Aerospace Center (DLR) [3]. To meet the thermal requirements while saving weight, an attachment system including a
purge gap was realized to thermally decouple the cryogenic insulation on the tank wall from the TPS insulation on the
outside of the vehicle. In the following, the system development process is outlined together with the corresponding

experimental setup and the test results are presented and discussed.

I1. System Design

A. Insulation system sizing

The winged booster stage of the SpaceLiner7 concept (SL7) [4] was used as reference configuration for the
investigations. As depicted in Fig.[Ip) and c), the booster consists of integral cryogenic aluminum tanks for liquid
oxygen (LOX) and liquid hydrogen (LH2). It shall be jettisoned at about Mach 12 and is supposed to land horizontally.
The corresponding time-dependent re-entry heat flux densities for selected design points on the booster exterior wall
near the tanks are shown in Fig.[Th). According to this, the highest heat loads are expected at the windward side of the
oxygen tank (P1) with values up to 78kW/m?, which were determining for the following TPS design and the subsequent
experimental procedure. For the overall insulation system design, including both the TPS with the HT-insulation and a
possible separate cryogenic insulation, two different thermal load cases were considered:

* pre-flight steady-state condition with fully loaded tanks on the launch pad.

* transient thermal load profile during ascent and re-entry.
To size the required insulation thickness, thermal numerical simulations were done using a one-dimensional FEA model.
The numerical tool of choice was the ANSYS® Workbench environment [3]. Initial considerations made it clear that it
is not possible to just utilize the TPS without any other underlying dedicated insulation of a different type. This is due to
the fact that the open-pore HT-insulation shall be kept at temperatures above freezing point to prevent internal frost
build-up. In the steady-state condition on the launch pad, the tank structure cools down to the fuel temperature, which
means that in any insulation that is situated directly on the tank wall there will be a very low temperature. Therefore, it
was decided to investigate a system of two insulation layers, with a dedicated cryogenic insulation directly at the tank
wall and a HT-insulation as part of the TPS on top.

As cryogenic insulation, the polymethacrylimide-based closed-cell rigid foam Rohacell® [7] was chosen and the
HT-insulation consisted of the open-pore alumina silica fiber insulation ALTRA® Mat [§]]. Consequentially, two thermal

requirements (R1, R2) were set up as design criteria which had to be met during the following thermal numerical
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Fig. 1 a) Transient thermal re-entry heat loads for selected design points on the SL7 booster shown in b). b)
Schematic SL7 booster layout side view and c) topview. [6]

simulations. The first defines that the HT-insulation in the TPS shall be above zero degree Celsius to prevent internal
frost build-up, the second defines that the interface temperature between HT-insulation and the underlying cryogenic
insulation shall be below 100°C to prevent it from deteriorating.

R1: Minimum temperature of 0°C for the TPS during tank refueling.

R2: Maximum temperature of 100°C for cryogenic insulation during booster re-entry.
The numerical simulations were done in a sequential way, with the steady-state simulation first, followed by the transient
simulation of ascent and re-entry, using the result of the steady-state case as the input condition for the transient case.
The results showed that a combined insulation system of 105 mm of Rohacell and 13 mm (LH2 tank) and 15 mm

thickness (LOX tank) of HT-insulation meets both requirements.

Table 1 Thickness result of the combined TPS and cryogenic insulation system without purge gap.

Design Point Tank Cryo insulation, mm  TPS insulation, mm Total thickness, mm
P1 LOX 105 16 121
P4 LH2 105 13 118

The resulting total insulation thickness of 118 mm and 121 mm was considered to be quite large and it was discussed
if there was a way to reduce the total thickness. As a result it was decided to introduce a dedicated purge gap into the
system between the two insulation layers, through which dry gas shall be fed during the steady-state tank fueling phase,
as shown schematically in Fig.[Zh). Consequently, condensation is prevented by two basic mechanisms: firstly, thermal
energy is transported into the system and secondly, moist air is impeded from intruding into the TPS. The purge gap
system can be regarded as element of active thermal management of the whole system. Via selecting the parameters of

the purging system, as there are gas temperature, gas velocity, gap width etc., a wide range of conditions can be achieved.



The drawback of the system is that a considerable amount of thermal energy is fed into the system, which predominantly
goes towards the direction of low temperature, i.e. towards the cold tank , and is heating up the fuel, so there will be an
increased rate of fuel boil-off while on the ground. However, thermal analyses proved that a considerable thickness
reduction by 45% compared to a non-purged system based on the selected flow parameters can be achieved [9].
Finally, due to the expected low heat load and easier handling, it was decided that the surface panel was made of
Inconel600. As a consequence of the results of the thermal simulations, it was pre-oxidized to achieve the required

reflection properties to dissipate re-entry heat fluxes.
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Fig. 2 a) Tank insulation system comparison unpurged and purged. b) Section of the ITO including standoff
and gas pipe.

B. Purge system and TPS interface design

The considerations on the purge system outlined above were based on very basic estimations of the relevant gas
parameters without taking into account the actual hardware items that are required to build such a system on a vehicle.
However, since the AKIRA project required to build an integrated test object to verify the proposed systems, different
designs to realize a purging system were discussed. As for the actual purge gap, a spacer mesh fabric of 20 mm thickness
of high permeability and little flow resistance to the purge gas was introduced [[10]. The stack of mesh spacer fabric and
HT-insulation is held in place by the rigid surface panels which are mechanically attached to the tank structure. For what
concerns the gas feed system, it was decided to choose a design based on a grid network of tubing. The tubes feature
small boreholes in regular intervals out of which the gas flows into the purge gap. The detailed question of where the gas
exits the whole system was excluded from the considerations for the moment. It is assumed that the overall system can be
designed in such a way that the gas flow can be collected on the leeside of the vehicle to exit there into the environment.

To attach the surface panels and to hold the tubing system, a fixation structure had to be developed. From the
thermal simulations of the ideal situation of the layered insulation it was obvious that any additional structural element

with higher thermal conductivity between hot surface panel and cold tank structure would act as a disturbance to the



temperature field, creating a thermal short of some sort with temperatures being too low during steady-state because of
the good thermal contact to the tank structure. Therefore, the idea was to make use of the need for fixation points for the
gas feed tubes and integrate them into the fixation points of the TPS, thereby achieving the possibility to control also the
temperature of the fasteners at the purge gap interface using the convective heating of the purge tubes.

The resultant concept for a structural standoff is shown in Fig.[2b). As a key feature, the standoff was divided into
multiple parts of different thermal conductivity to minimize the thermal bridge effect. In addition, an isolating footplate
below the undermost part of the standoff reduced the required amount of heating from the purge tube to meet R1. To
facilitate a good thermal contact between the purge tube and the standoff, the tube was brazed into a set of two thin
strips of copper alloy which were clamped between the upper and lower elements of the standoff assembly, thereby
effectively separating the hot and the cold side by providing thermal energy to flow into the cold parts. Finally, the
standoff parts exposed to high thermal loads during re-entry were made of Inconel600 like the surface panel, while the
remaining components were made of stainless steel. Furthermore, the standoff was designed to compensate the thermal
expansion mismatch between hot surface components and the cryogenic tank structure by elastic deformation.

The U-section of the standoff is supposed to be riveted to both the pipe clamp and the hat-section and the connection
between surface panel and standoff is suggested to be made with a pin. In this case, a wave spring would additionally
support the panel to be independent from the HT-insulation stiffness. However, bolted joints were used for the
experimental investigation to have the possibility of non-destructive disassembly for visual inspection.

The insulation design process was supported by computational fluid simulations done with ANSYS CFX [11].
The goal of the parameter study was to find an order of magnitude for both the purge gas temperature and the mass
flow needed to keep the HT-insulation above 0°C without simultaneously putting more heat energy into the tank than
necessary. As an additional requirement, the maximum flow velocity inside the pipe was limited to subsonic values.
The results indicated that a purge mass flow of approximately 2.0g/s and gas temperatures of 15°C could satisfy the

defined requirements. A detailed description of the fluid simulations and the results can be found in [12].

I1I. Experimental setup
To verify the thermal efficacy of the purge gap concept, an integrated test object (ITO) was built to be tested in the
DLR thermo-mechanical test facility INDUTHERM. The ITO, depicted in Fig. 3] was a representative 400x400mm
section of the above-described tank insulation design. As the objective was to investigate the thermal processes without
any mechanical testing, a single central standoff carrying one purge gas pipe was included, as depicted earlier in Fig. [2p).
The purge gas entered the purge gap from the pipe through small holes of 1.5mm diameter spaced 20mm apart. Each
standoff component and each layer interface was instrumented at defined locations with sheathed type-K thermocouples
of 0.5mm diameter. In addition, thermocouples were attached in four locations each on the interfaces of purge gap and

cryogenic insulation and HT-insulation, respectively. They were located 100mm from the pipe and 65mm from the ITO



center line perpendicular to the pipe to determine the temperature field in the purge gap at a distance from the purge tube.
Furthermore, the purge gas temperature was monitored with Pt100 sensors located at the ITO pipe inlet and outlet. Purge
gas inlet and outlet total pressure were measured by pressure gauges of the P33X-series (Keller AG) with a range of
0-300bar. Mass flow was measured and controlled with the digital mass flow controller MASS-STREAM D-6370-DR.

To heat the purge gas for which gaseous nitrogen was used, the gas feed line was routed through a temperature
controlled water bath. The temperature was controlled by an ETC4420-230 PID temperature controller and the water
temperature was monitored by a type-K thermocouple. To enhance the heat transfer to the gas, the pipe segment inside
the water was made of copper alloy. From the water bath to the ITO the gas feed line was made of an insulated flexible
plastic hose to keep the gas temperature as constant as possible.

In the INDUTHERM test chamber, the ITO was placed with the aluminum plate facing up, as depicted in Fig.
Surrounding insulation plates placed between ITO and chamber walls and the aluminum plate of the ITO formed a
basin, lined with PTFE foil, into which liquid nitrogen (LN2) was filled as propellant substitute. While providing the
basin walls, the insulation plates additionally insulated the sides of the ITO from thermal convection, thus preventing
edge effects distorting the measurements.

An inductively heated, 200x200mm graphite susceptor plate located in a cavity underneath the surface panel
provided the heat source to simulate the re-entry heat load. To avoid buckling caused by localized heating, the metallic
surface panel was designed with a square circumferential expansion gap. The resulting inner panel had the same area

like the susceptor plate.

Fig.3 Fully assembled ITO.

A. Testing procedure
During the steady-state tests in ambient atmosphere, the ITO was purged with the constant inlet gas mass flow iy,

and the gas temperature 77,, while the basin was constantly refilled with LN2. An overview of the flow conditions of the
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14 steady-state test runs carried out is given in Table[2] A test run was considered completed after all thermal signals

reached steady-state with no significant changes.

Table 2 Experimental conditions of the purge flow during the steady-state tests in ambient atmosphere.

Test-ID  Gas inlet temperature  Mass flow || Test-ID  Gas inlet temperature  Mass flow
Tlm °C i, % Tlm °C M, %
Stl 17 2.5 St8 24 25
St2 21 1.5 St9 32 1.5
St3 21 2.0 St10 32 2.0
St4 21 2.5 Stl1 32 25
St5 24 1.0 St12 38 1.5
St6 24 1.5 St13 38 2.0
St7 24 2.0 St14 38 2.5

For the transient test runs, the same procedure was performed to cool down the ITO in the first place, as the vehicle
tank structure is supposed to be still cold when entering the re-entry phase of the flight. As a consequence of the results
of the preceding steady-state test runs, the flow parameters 7Ty, and 1y, of both St11 and St13 were used for purging.
After the thermal steady-state was reached, the purging was stopped and the test chamber was closed after the LN2
had evaporated completely. Subsequently, the chamber pressure was reduced to approximately p,;, < 1mbar and the
heating procedure started. Preliminary testing was carried out to work out the optimum inductive heating cycle for the
susceptor to achieve the calculated time-dependent re-entry heat load for design point P1 on the ITO surface panel.
However, the maximum heating power was gradually reduced with the next test runs as the maximum temperatures in

the ITO exceeded the simulated maximum values in the first place. A transient test run was considered completed after



all temperatures decreased again after they passed their maximum. When the susceptor temperatures dropped below
400°C, the chamber pressure was raised again and the preparations for the next test run could be started.

An overview of the experimental conditions of the transient test runs including the purge flow conditions used for the
precedent simulated tank filling phase is given in Table[3] Note that the first test run Tr] was aimed purely at obtaining a
temperature step profile for validating the numerical model. In order to achieve that, the susceptor was heated rapidly to

500°C and the temperature was maintained for 5 minutes.

Table 3 Experimental conditions of the transient test runs.

; g
Test-ID  Tp,, °C iy, S Tinax,susceptor> °C Pmin, mbar

Trl 38 2.0 502.7 0.5

Tr2 31 2.5 943.4 0.8

Tr3 38 2.0 885.7 0.5

Tr4 38 2.0 808.0 0.4

Tr4-rep 38 2.0 805.8 0.2
IV. Results

A. Steady-state tests

The objective of the steady-state tests was to find a flow parameter combination with the lowest possible 77, and iy,
which nevertheless reliably prevents temperatures below 0°C in the HT-insulation. This requirement was considered
satisfied if all thermal sensors located inside the HT-insulation and at the interface to the purge gap recorded positive
temperatures as steady state. With the testing procedure described above, the usual time to achieve steady state was
30-50 minutes. The positions of the thermal sensors at the standoff are marked in Fig.[5h), with the standoff depicted
upside down with the aluminum plate facing up like it was mounted in the experimental setup. The locations of the purge
gap interface thermal sensors are marked in Fig. [5b), showing the topview of the purge gap, with the P-Cryo-sensors and
the P-HT-sensors facing each other directly.

The resultant final temperatures of the standoff thermal sensors for the test runs Stl to St14 are shown in Fig. [6h)
grouped by purge gas inlet temperature 7}, for increasing mass flow rate and grouped by inlet mass flow rate for
increasing T}, in Fig.[f]b). Due to their positions close to or directly on the aluminum panel which was in direct contact
with the LN2, the temperature signals at SO1, LO1 and SO2 were always significantly below -100°C. Hence, their signals
are not included in the graphs as they did not show any significant differences between the test runs. Therefore, the
critical thermal signals to be looked at in this case are SO6 which was attached to the stainless steel U-section of the
standoff near the HT-insulation, and SO7 located within the HT-insulation with contact to the screw. Looking at the data

for each test, it is evident that a thermal gradient formed from the aluminum panel to the surface panel on the other side.
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Fig. 6 Resulting steady-state standoff temperatures of the test runs St1 to St14.

Nevertheless, the copper pipe clamp prevented the diffusion of low temperatures into the TPS through the standoff
materials remarkably well, with an average temperature difference of 20°C between S03 and S06.

If the results are also grouped by inlet mass flow, as shown in Fig.[6p), it is clear to see that the signal at SO3 usually
reached or even exceeded 0°C for inlet mass flow rates of ri1j, = 2.5g/s and for inlet gas temperatures of 7, = 32°C. The
temperatures were even higher at L02, which monitored the interface temperature of the spacer fabric and the cryogenic
insulation at a distance of 65mm from the pipe, centered on the ITO (200mm downstream from the gas inlet), with 8°C
the lowest (St5) and 29°C the highest values (St14) recorded at this location.

The in-plane temperatures of the purge gap interfaces to the cryogenic insulation and the HT-insulation are shown in

Fig.[Th) grouped by inlet temperatures and in b) grouped by inlet mass flow rate. In both graphs, the hash marks are for



the steady-state temperatures on the cryogenic insulation (P-Cryo) and the triangles represent the temperatures on the
HT-insulation (P-HT).

For the tests performed with T, = 32°C and 38°C, some of the temperatures at the HT-insulation interface to the
gap (P-Altra-03, P-Altra-04 and S06) show higher temperatures than at SO7 inside the HT-insulation because the gas
temperature exceeded the ambient temperature considerably, which was usually around 21°C. Looking at the data
relative to the thermal signals P-Cryo and P-Altra, it is evident that also a planar thermal gradient formed within the gap,
with higher temperature in the fore side, where the opening in the insulations surrounding the ITO let the purging flow

go out easily, and lower temperature in the back side, where recirculation regions are assumed to have formed.
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Fig.7 Resulting steady-state interface temperatures of the test runs St1 to St14.

Comparing the experimental results of the different tests, a general increase of the temperature by both increasing
the purge gas mass flow rate and the purge gas inlet temperature can be observed, as it was expected. However, the
resulting temperatures at P-Cryo-01, P-Cryo-02, P-HT-01 and P-HT-02 (in the gap on the back side of the ITO) do not
show a clear behavior. To verify the repeatability and to further investigate the thermal behavior of the sensors on these
locations, both test runs St2 and St6 were repeated. The results of the repeated test runs showed good agreement to the
first runs, except for the mentioned in-plane thermal signals LO2, P-Cryo-01 and 02 and their facing equivalents on the
HT-insulation, P-HT-01 and 02, which differed by between 0.3°C and 9.3°C. Nevertheless, the average difference of all
temperatures of the repeated test runs St2-rep and St6-rep was 0.6°C and 3.4°C, respectively. This order of magnitude
was later confirmed by the precedent cooling phase of the transient test runs, for which St11 and St13 were repeated.

The deviation and the irregular behavior of the in-plane temperature signals were finally assumed to be the effect of
flow vortices occurring in the back of the purge gap, as the only exit for the flow was to the front out of the test chamber.
The inevitable presence of gaps between the ITO and the insulation in the test chamber also could have caused undesired

convective phenomena disturbing the temperature measurements in the gap.
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Finally, the mean steady-state temperature and pressure differences between the gas pipe inlet and outlet were
evaluated. The percentage change of temperature and pressure occurring along the pipe length of 400mm for the test
runs St2 to St14 are shown in Fig.[§] It is clear to see that with increasing mass flow rate the temperature drop decreased
while the pressure drop increased. This correlation is best observed by looking at St5 with the minimum test inlet mass
flow of 71y, = 1.0g/s, leading to the highest measured temperature drop with 50% and the lowest pressure loss of 9% of
all test runs. In the contrary, the lowest temperature decrease and the highest pressure drop occurred during St11 with
only 4.1% compared to Ty, and 33% compared to pj,. However, concerning the pressure decrease it needs to be taken
into account that the pipe outlet was sealed for the experiments to force the purge flow through the holes into the gap.

To ensure the best starting conditions for the transient test runs, the flow parameters of St11 (ri1y, = 2.5g/s and Tj, =

32°C) and St13 (m, = 2.0g/s and Tj, = 38°C) were chosen for simulating the tank-filling and ascent phase.
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Fig. 8 Percentage change of inlet temperature and inlet pressure along the pipe length grouped by gas inlet
temperature.

B. Transient tests

The main objective of the transient tests was to show that the maximum temperature within the cryogenic insulation
did not exceed 100°C during the re-entry phase of the flight. This criterion was set conservatively, as the manufacturer
of the material specifies a maximum application temperature of 130°C and even 180°C, which can be tolerated for
a limited time. Therefore, the critical measuring points for this criterion were the ones located on the surface of the
cryogenic insulation P-Cryo-01 to -04, L0O2 and S03, which was attached to the standoff near the insulation. The

resulting temperature profiles within the ITO as well as the susceptor temperature profile and the chamber pressure for

11



one representative test run (Tr4) are presented in Fig.[9] The graph starts just before the inductive heating phase, hence
the temperature profiles of the previous purged LN2-cooling phase is not shown. The graphite susceptor was heated
rapidly to about 800°C within 340 seconds, and it can be seen that the thermal signal of SO7 followed the increasing
temperature almost instantly. After the required maximum temperature of the susceptor was reached, the inductive
heating power was switched off and the susceptor cooled down gradually as a result of radiative and conductive heat
transfer to the surrounding components. With 76 seconds delay after the susceptor maximum temperature, the ITO
maximum temperature was reached at SO7 with 629°C. However, the other thermal signals reached considerably lower
maximum temperatures with greater delay. The P-Cryo sensors measured 95°C as the highest temperature, which is

below the acceptable maximum temperature.
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Fig. 9 Transient temperature profiles of the standoff thermal sensors (a) and the in-plane interface thermal
sensors (b) of test run Tr4.

In contrast to the booster re-entry heat load presented in section [[I.A] only the first temperature peak could be
simulated properly, due to the lack of convective cooling within the vacuum chamber after switching off the heating
power. As a further consequence, the integral heat load acting on the surface panel of the ITO was significantly larger
than the heat load which is assumed for the booster exterior wall. To quantify the effect, the simulation results for both
the surface panel temperature and the temperature at the thermocouple position SO7 resulting from the calculated heat
load for the booster exterior wall and the the experimental temperature profile at SO7 were compared and are shown in
Fig.[I0] It can be seen that the experimental curve fits the reference curve very well up to the maximum temperature

after 500 seconds, although it exceeded the simulated maximum temperature for SO7 by 63°C or 11%. Despite the
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higher temperature load, the critical thermal sensors reached only 95% of their allowed maximum temperature during

the experiments, which shows that the insulation system fully complied to the requirement R2.
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Fig. 10 Comparison of simulated and measured temperatures at the ITO surface and S07.

V. Discussion

The results of the steady-state tests show that by choosing suitable parameters for the purge gas flow, as there are gas
temperature and mass flow rate, conditions in the HT-insulation can be achieved which comply to the requirement R1,
calling for a temperature always higher than zero degree Celsius to prevent internal frost build-up. As shown in the
figures[6p) and b), both parameters, gas temperature and mass flow rate can be used independently to achieve the desired
effect, giving a great deal of variability to the system design. Regarding the test results of steady-state test St8 and later,
the temperatures in the HT-insulation were significantly higher than 0 degree Celsius when the measurement position
P-HT-01 is discarded because it reflects a specific condition of the test item being not representative. In those cases
where the mass flow rate was equal to or higher than 2.0 g/s, with gas entry temperatures 32 degree Celsius or higher,
the temperatures in the HT-insulation were in the range of between 20 to 30 degree Celsius. These conditions for the
purging gas can be easily achieved and supplied to the purging system which is an important finding with regard to
application in a possible future demonstration vehicle.

Another important aspect was the control of the interface temperatures at the structural connections between the
surface panel and the tank since there is a path of increased thermal conductivity compared to the insulation materials.
The results of both steady-state and transient tests showed that the temperatures at these interfaces can be controlled
effectively. In the case of steady-state conditions, the direct connection of the heated purge gas feeding tube to the

standoff effectively kept the temperature of the standoft part inside the HT-insulation at temperature levels close to that
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of the gas entry temperature. In Fig.[f]it is obvious that the measurement locations S04 to SO7 are distinctly separated in
temperature from those of SO3 (SO1 and S02 not shown because of much lower temperatures).

In the case of the transient re-entry conditions, the higher conductivity of the standoff components was in fact of
advantage to compensate for the increased heat flow coming from the surface panel as a result of the simulated re-entry
heat load. Due to the fact that the purge flow was stopped at the end of the steady-state tests, the thermal short between
cold tank and surface panel was re-established as can be seen by the initial temperature drop of the standoff temperatures
in Fig.[9] Therefore, the incoming heat from the surface panel could be conducted to the cold tank structure without
pushing the standoff temperatures in the cryogenic insulation above the material limit value of 100°C, which had been
defined by the requirement R2.

Since the investigations were done on a test article of limited size, there is a need for further investigations with
regard to the size effects that are to be expected when an operational vehicle is anticipated with tube lengths of several
meters. In that case, the longer purge lines will lead to a higher pressure decrease with increasing distance from the
inlet and resulting lower mass flow rates towards the far end of the purge tube. This effect could be compensated via
increasing the sizes of the purge gas exit orifices in the purge tube with the distance from the gas inlet. In addition, the
diameter of the purge tube could be variable over its length. Another option could be to include parallel purge gas feed
lines without exit orifices to intermediate stations to have again the high inlet pressure value.

Another issue which should be investigated in more detail is the question if the HT-insulation has to be kept at
temperature values greater than zero degree Celsius at all times, because this requirement R1 was in fact the driving
issue for adding quite some complexity in terms of the purging system. There is some literature suggesting this as a
guideline [[13H15], however, no quantification of the possible adverse effects could be found if the temperature is in
fact allowed to decrease under zero degree Celsius. It would be interesting to investigate the effects of the internal
frost build-up in terms of mass increase and on the insulation performance in a dedicated test program when specific

temperature levels and certain exposure times are selected.

VI. Conclusion
An insulation system design comprising a cryogenic insulation, a thermal protection system and a fixation element
was developed for a reusable cryogenic booster stage as part of the DLR-project AKIRA. Two design-determining
thermal requirements were derived from the reference configuration of the SpaceLiner7-booster stage. First, the
minimum temperature for the high-temperature insulation was set to 0°C during the pre-flight steady-state condition,
when the tank is fully loaded on the launch pad, to prevent insulation performance deterioration due to condensation and
freezing of humid ambient air. Second, the maximum temperature of the cryogenic insulation must not exceed 100°C

during the booster re-entry. The resulting total insulation thickness was reduced by introducing a purge gap between the
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cryogenic and the high-temperature insulation layer, through which pre-heated, dry gas shall be fed during the pre-flight
tank filling phase.

An integrated test object of the insulation system including the purging system was build to thermally verify the
insulation concept in the DLR test facility INDUTHERM. Both the steady-state tank refueling case with active purge
flow and the re-entry case with the corresponding heat load acting onto the test object were successfully simulated.
During the steady-state experiments, inlet gas temperatures ranging from 17°C to 38°C and inlet mass flow rates between
1.0g/s and 2.5g/s were tested for the purge flow and demonstrated the ability to control the temperatures within the
system by varying those flow parameters independently in an achievable range with regard to future demonstration
vehicles. Concerning the re-entry condition, the thermal protection system effectively shielded high temperatures from
the underlying insulation layer.

In summary, the critical function of the temperature control by the integrated concept of cryogenic insulation,
purge gap and TPS insulation was successfully verified. Due to the limited size of the integrated test object, further
investigations regarding the gas management system, e.g. the gas supply system, the required inlet gas pressure and
mass flow rates for an operational vehicle are necessary. However, a purge gap comes with an inevitable high system
complexity, hence further investigations are recommended concerning the basic assumption of the first requirement
regarding condensation and icing within the high-temperature insulation and its actual impact on the insulation

performance.
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