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Abstract

At the Space Launcher System Analysis (SART) depamt of DLR-Cologne, a hypersonic spaceplane
for passenger transportation is being investigaiée. spaceplane is called the “SpaceLiner”. The ve-
hicle performs its rocket powered, intercontineritight via a suborbital trajectory. The paper de-
scribes the concept and identifies what is consiiiés major challenge. This challenge is the agrod
namic heating of the vehicle. This is discussed, @apossible solution for handling the extreme -heat
loads will be presented. The solution involves mmovative new way of transpiration cooling, using
liquid water.

1. Introduction

For future hypersonic passenger aircraft, the aatiing SCRAM jet is usually seen as a promisirtgpapAlthough
it may be promising, practical implementation i &r from feasible. An alternative is the useafocket powered
vehicle. An example of such a rocket powered vehiglthe SpaceLiner [1][2][3][7][8][10]. The Spadrkr design
is made taking into account two main requiremetst of all, it should be able to fly the distarfcem Sydney to
Western Europe, carrying 50 passengers. Secoimdlycdmplete vehicle should be reusable [2].Othguirements
are that acceleration should not exceed 2.5 gial ditection during ascent and acceleration shooldexceed 1.5 g
in normal direction during descent and re-entry.

It consists of two stages, a winged booster stagka second stage, called the orbiter. The Spaeels designed
for vertical take off, much like the Space Shutitees. There are no solid boosters present, thetdvostage and
orbiter both use LH2-LOX powered staged combuséngines with moderate chamber pressure. The sagieesn
are used for both stages. With 8 engines for tlesteo and 2 for the orbiter, the vehicle is abl@eoform its mis-
sion. As long as the orbiter is attached to theskerp cross feed fuelling is foreseen. After sef@maof the two
stages occurs, the booster makes a controlledtrg-a&md returns to the launch site.

The orbiter then accelerates further and aftethallfuel has been used and the remaining parteofiiiht is power-

less. By using a so called ‘skip’ trajectory, thege covered by powerless flight is greatly imptbas compared to a
ballistic trajectory. A downside of such a trajegtis the high heat load encountered during a skips paper will
describe the SpaceLiner concept in more detailidedtify the technological challenges of the concépwill be
shown that the high heat load is thought to begteatest challenge. As a potential solution to phisblem a new and
innovative transpiration cooling method using ldjuvater is presented in [1][2][3]. This cooling fed has been
successfully tested in the L2K arc heated windtuah®LR-Cologne [1].
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2. SpaceLiner Characteristics

After the SpaceLiner was introduced for the fiistet (about two years ago [1][2][7]]) its design hesolved.
Changes include a slightly different geometry, pdated mass model, and an optimal nozzle expanaianfor the
engines [10].

The propulsion system data of the SpaceLiner isgmied in Table 1. A staged combustion cycle isseen for the
engines. A picture of the SpaceLiner can be sedfigure 1, characteristic data can be found in &&blA velocity
at burnout of 6.55 km/s at an altitude of 75 km ldasuffice for the SpaceLiner to perform the missiét the ex-
pense of some additional fuel, the ascent trajgaibthe SpaceLiner could be made such that thekb®®oundary
is passed. This would allow for the passengerstwmime official astronauts.

A mass breakdown of SpaceLiner is given in Tabl@ether with some characteristic dimensionsc#s be seen,
the takeoff weight is about 1094 tons.

Aerodynamic performance of the SpacelLiner is vergdrtant. Maximum range depends largely on theeglatio.
The lifting parameter has a big impact on the agmathic heating. The lower the lifting parametertlig lower the
aerodynamic heating will be. This is because offtioé that in this cas€,  will be relatively high and the vehicle
will therefore generate enough lift at higher alliégs where air density is low.

Aerodynamic data is presented in Table 3. Becatisieeofact that during its flight the SpaceLinedlwise cooling
water, mass will change. It is estimated that alotains of cooling water will be needed [1]. Theoalynamic prop-
erties such as wing load, ballistic coefficient diftihg parameter will therefore change duringgfit. The table
shows these properties in case of completely fikater tanks and empty water tanks.
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Figure 1 SpaceLiner
Table 1. Engine data
Booster Orbiter

Number of engines 8 2
Mixture ratio 6:1 6:1
Chamber pressure [MPa] 16 16
Mass flow per engine [Kg/s] 384.5 384.5
Expansion ratio [-] 33 59
Specific impulse in vacuum [s] 437.6 448
Specific impulse at sea level [s] 388.4 360.4
Thrust in vacuum per engine [KN] 1650.6 1689.8
Thrust at sea level per engine[kN] 1465.0 1359.4
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Table 2. SpaceLiner Characteristics

GLOW Mass at  Propellant Fuselage Max. fuse- Wing span Projected

Mass [kg] burnout mass [kg] length [m] lage di- [m] wing sur-
[ka] ameter face area
[m] [m?]
Orbiter 275,200 120,200 155,000 53 6 40 955
Booster 818,534 114,534 704,000 67.1 7 25.5 325
Total 1093,734 234,734 859,000 - - - -

Table 3. Aerodynamic Characteristics of the Orbite of the SpaceLiner

Water Tanks Filled  Water Tanks Empty

Wing Ioadg [kg/n?] 125.9 116.3
Glide ratio at Mach 20 [-] 4.08 4.08
Ballistic coefficientciS [kg/mz] at max. glide ratio 8167 7818.5
and Mach 20 ’

Lifting parameterc—mS [kg/n12] at maximum glide 2075.6 1918.3

L
ratio and Mach 20

3. Trajectory

As explained, the SpaceLiner flies a suborbitgettry. Generally speaking, a suborbital trajeciomplies a ballis-
tic trajectory. However, another option for subtabflight exists. This is a so called ‘skip’ trajery. During such a
skip trajectory, the vehicle flies a ballistic aefter which it enters the atmosphere. During ftaaspheric flight
phase, lift is created and the vehicle leaves thsphere again. This process is repeated untikipping con-
verges into a steady, gliding flight. As comparedatballistic trajectory, skipping greatly incresgbe range of the
vehicle. This can be seen in Figure 2. Here, theliree represents the ballistic trajectory and hee line the skip
trajectory. Initial speed and altitude are equabdth cases. Only the initial flight path angleedi In case of a bal-
listic trajectory, the optimal initial flight pathngle for maximum range was determined via paracnedriation and
was found to be 30°. To obtain the skip trajectdiight path angle was set to 1°. Note that thdidtal trajectory
shown here could in reality never be used for pag=eflight, due to the extremely high decelerationd thermal
heat loads when re-entering the atmosphere.

Apart from this, it can be seen that the rangenefdptimal ballistic trajectory is about 10000 kmmereas the range
for the skip trajectory is more than 15500km. Ttisws the huge benefit of using a skip trajectdgystated in the
previous chapter, for a skip trajectory aerodynamigerformance of the vehicle is of big importandde
SpaceLiner is designed to have a high glide ratibypersonic speeds. At Mach 20 the glide ratialisut 4 (see
Table 3).

The trajectory flown by the SpacelLiner starts adr&y and ends in Western Europe. The powerlespiskiphase
is presented in more detail in Figure 3 and Figur&€he vehicle begins its skip trajectory at aitwade of 75 km and
with a velocity of 6550 m/s. When an altitude obab50 km is reached, enough lift is created todethe atmos-
phere again. After about 3500 seconds, the skjpctiary has converged into a steady, gliding fligkfter only 4500
seconds the SpaceLiner has flown almost 16000 khreaches its destination.

Figure 4 shows that during its first dip in the asphere, SpacelLiner flies Mach 19 at an altitudé&km. As a
result, very high thermal loads will be experiendeding flight. Stagnation point heat loads reachMIW/n? at this
point. For comparison, the maximum heat load orSipece Shuttle is 0.5 MW/m
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4. Flight Environment and Aerodynamic Heating

To get a better idea of the flight environmentha# SpaceLiner, its trajectory is compared to tlfidhe Space Shut-
tle. In Figure 5 it can be seen that the Spacelfigaels in approximately the same speed regimeablower alti-

tude. This, off course, means a denser atmospiner¢harefore more extreme heating. This is the meason why
heating of the SpaceLiner is higher than for thacgpShuttle.

Hypersonic flight introduces flow phenomena which absent in case of lower speed flight. Becaugheohigh air

temperatures behind the shock, air cannot be modeigmore as a perfect gas. Which flow phenomeaa@sent
during the flight of the SpaceLiner, can also bensie Figure 5. Vibration and excitation energiesiatroduced, as

well as dissociation of oxygen and nitrogen. WHeimg a numerical analysis of the heating, thefectf have to be
taken into account.

7 o
s
i A
FA
by

120

i ."'.-

iy
-\L\
o
F
SR A i,
":’_‘2‘_{,_.{_4 Pl

e
o

100

o

—_—
T,
3
A
o
i

80

e

ny

Ny

'\.\\.'.

,
o F i
i
"._’_.-"'.- AN
s

50

<
/ o N = s SpaceLiner

407
207

ALTITUDE [km]

o
L
d
n
“
7
"

s

o

o
il L
{3
,-'-'J.-'f/-'
’
;
5y

- _‘L-\ 3 1%&_{% .' _.-
“\a\\\h“ﬁ R \5._ oA AR

B " 2 & 4 Sgaaleekt B

VELOCITY [km/s]

]
o
1
i
f

Figure 5. Re-entry of Space Shuttle Compared to SpaLiner [1]

At the body surface of the vehicle, temperaturd, witnerally speaking, be lower than the tempeeatlirectly be-
hind the shock. The dissociated molecules willtsiamrecombine. These dissociation and recombinagactions
take a certain amount of time. If one assumesttigavelocity of the air molecules behind the shisdiow enough to
allow for enough time for the reactions taking plathe equilibrium gas model can be used for nurakanalysis.

In case of the SpaceLiner maximum heating is egpedd at an altitude of 48 km and a Mach numbé&Bd. Heat-
ing analyses using the equilibrium gas model resalfFigure 6. The left part of the figure assuméaminar bound-
ary layer, whereas the right part assumes a turbbleundary layer. As can be seen a laminar boyridger greatly
reduces overall temperature. Temperatures on #uig edges and nose are at similar values indastés and reach
about 2900 K and 2400 K, respectively. Such tenipeza exceed the limitations of all current theradtection
materials. Therefore, some way to reduce thesedrmanpes has to be found.
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Figure 6. SpaceLiner Equilibrium Temperatures, foran emissive coefficient of 0.83, M=18.8, H=48 km,

alpha=7°

5. Transpiration Cooling

5.1. Introduction

To limit the temperatures experienced by the SpmegLa number of options exist. The first optisrta adapt the
trajectory such that heatloads decrease. Analhsizs that the initial velocity of the powerlesgfit phase then has
to be increased to 7.5 km/s to limit heating to 1M/[2]. This results in a big increase in the totalss at lift off.
In [2] it is stated that increase in weight wouleldt least 300 tons, probably even much more thian t

The second option is to change the geometry ofiéécle. For example the nose and leading edgesaaad be
increased. However, this would lead to a decreasgerodynamic performance. To make up for this, loggal
speed should again be increased with the resultiibaveight increases by the same amount as before

The third option is to actively cool the materiawh. This can be done by transpiration cooling.rBaking the
heated surface out of a porous material, a codlirig can run through this material. The cool fldtsorbs heat by
convection and thus cools the material down. Uguallgas is used as a coolant. Transpiration ocgaléing a gas
has been tested at DLR [4]. To make the coolingegyss light as possible, a coolant with high eaptapacity per
kg has to be used. In [1][2] it is therefore progmbgo use liquid water as a coolant. Together wighwind tunnel
department at DLR Cologne, a test campaign in thehaated wind tunnel L2K has been set up to inyaist the
feasibility of liquid water as a coolant. In orderverify the advantage of water compared to tre gdditional tests
were carried out using nitrogen gas as coolant.

5.2. Liquid Water as a Coolant

Liquids will not become hotter than their boilingmperature. In case of water this boiling tempeesits 100°C at 1
bar and increases proportional to the pressureatér remains in its liquid state during the trargtion through the
porous material, the convective cooling will beyvefficient due to the large temperature differentéquid water
and the uncooled material. When a material witery wigh porosity is used, it will be cooled doweraipproximately
the boiling temperature of the water. To prevertew&om evaporating within the porous materialvnveater has to
be supplied at a sufficiently high mass flow rathe higher the heat required for vaporization,ltveer the coolant
mass flow can be.

The amount of heat which is necessary to evaporatekg of water depends on the initial temperatdrine water,
the surrounding pressure and the ‘heat of vapaoizafThe heat of vaporization is the additionahheeeded for the
phase change from liquid to gas.

To vaporize an amount of water, it must first batked up to the boiling temperature. This also negusome energy.

This is defined by the specific heat of wafgy,,,.,, = 4186 J/kg.K. Assuming the water will be suppli¢cadem-
perature of 293K and that the boiling temperatar@73K (at 1 bar), the temperature differeds& =80K. To heat

1 kg of water up to the boiling temperature thergnsupplied must be:

Cater * AT =334.9kJ. Then, the phase change occurs. ThisremqRR60 kJ/kg at 1 bar. As can be seen this ‘heat

of vaporization’ is much more than the energy rezgiito heat up to the boiling temperature. Watartha highest
heat of vaporization of all liquids. Thereforestdlso the most suitable coolant in this respect
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Using a liquid as a coolant introduces a capillamgssure in the porous material. This pressurecailise water to
flow into regions where no water is present. Thapitary action will therefore automatically didtute the liquid

over the porous material. A simplified model of iflapy action in a porous material can be made ssuaing a
porous material is made up of a bundle of tubeb witertain radius [5]. As soon as a capillary tbée completely
filled itself with water, there will be no capillaction anymore. In case of the cooling methoagisiquid water,

this means that when water evaporates at the sudiathe material, the liquid water level in theten&l will drop.

Capillary tubes are not completely filled with watmnymore and this then causes capillary actiorw Mater is

automatically supplied to the surface at exactyyrdquired mass flow rate.

The evaporation of the water has an additionaliogadffect. The vapor enters the boundary layesating a protec-
tive layer which blocks the incoming heat flux. Fleffect is called “blocking™[1].

5.3. Model Construction

The cooling concept was tested in the L2K arc lbaiad tunnel at DLR-Cologne [1][6]. Three diffetemose cone
models were made out of a porous material calledd¥it 170. This material consists of 91%,®4 and 9% SiQ
This material was chosen because of its high piyrasid its ability to withstand temperatures ofta2000 K. The
models have a varying nose radius, the smallesigdzking 1 cm, the middle radius being 1.75 cm taedlargest
radius being 2.5 cm. The nose radius was varidoetable to investigate the influence of model gegomen the
cooling efficiency. The models are shown in Figarénside the models, a reservoir has been dridled The models
were connected to a stagnation probe holder of I&2Eopper tube enters the reservoir for water supVater mass
flow could be adjusted using a valve.

Figure 7. Windtunnel Models [1]

Tests were done using all the models. First, liquider was used as a coolant. Temperature dropsabeserved for
a certain water mass flow. After these tests hagh lmempleted, Nitrogen gas was used as a cooldrg.same wind
tunnel flow conditions were used in both cases. Suréace temperature was measured using an infcameéra. The
test procedure was to first insert the models & ftbw, without transpiration cooling switched dfollowing this

procedure, radiation adiabatic temperatures coeldhbasured. Next, cooling was switched on andetmpérature
drop could be observed.

5.4. Test Results

Test results of cooling using the model with nosdius of 2.5 cm are presented here. Figure 8 showdnfrared

image of the temperatures in the radiation adial=se. As can be seen temperatures in the stagmetint reach
over 2040 K. The right part of the image represémésbehavior of the temperature on certain spotthe model

with water cooling over time. The water mass flaterwas 0.2 g/s. Time is presented in minutes. Warate seen
is that the whole model is eventually cooled togematures below 500 K. The infrared camera is hte 0 measure
temperatures lower than this value, but as explabefore it is expected the temperature will beattpithe boiling

temperature of the water (which is about 290 Kiativtunnel conditions).
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Figure 8. Test Results Using 0.2 g/s Liquid Water]

The surface temperature development of the sants spimg 1 g/s of Nitrogen can be seen in Figura %his case
the stagnation point cooled down to about 1500 &e®en for 5 times higher gas mass flow as waltertempera-
ture drop is still much smaller. In the right pafithe figure it can be seen that for the same rfiassrate of the gas
as the water (0.2 g/s), temperature drops areragtyesmall, especially in stagnation point regiofs.overview of
the test results is presented in Table 4. It casdsn clearly that using liquid water as a cootam save coolant
mass compared to using Nitrogen gas as a coolasetelore, this new way of cooling is consideredyyaomising
and further test are planned.
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Figure 9. Test Results Using Nitrogen Gas [1]

Table 4. Comparison between Gas and Liquid Water Gaants

Temperature drop Temperature drop usingTemperature drop usingTemperature drop using
using 0.2 g/s water 0.2 g/s nitrogen gas 0.5 g/s nitrogen gas 1 g/s nitrogen gas

SPO1 >1500K 0K 200K 600K

SP02 >1500K 50K 250K 800K

SP0O3 >1500K 100K 400K 850K

SP04 >1100K 100K 400K >700K

SP05 >450K 300K >450K >400K

SP06 >160K 250K >200K >200K
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5.5. Numerical Analysis

Transpiration cooling using liquid water has beeovpn to be much more efficient compared to gadimgoTo be
able to make predictions of the required water nflagsfor cooling, the results have to be quandfi@he first step
is to determine the heat flux into the model. TkatHlux then determines the evaporation rate @fithter and there-
fore the required water mass flow. Because heatvitas not measured during the tests, it has toebermiined nu-
merically. The DLR program HOTSOSE is used for tHOTSOSE uses the equilibrium gas model to acctmnt
real gas effects. This model assumes that air mi@sdave enough time to react and settle to #uiilibrium com-
position for a certain surrounding pressure andptgature. In reality, the gas is not in equilibrivAtcording to
windtunnel experts, the flow is strongly frozen @dcelit 170 has a strongly catalytic wall. AZen flow is exactly
the opposite of an equilibrium flow. The compositiaf the gas will remain the same throughout ther flield. How-
ever, a catalytic surface means that the propesfidge model material are such that at the sunfaaetion rate of the
air molecules is increased such that at the surfpdlibrium conditions will be achieved. Figuré ¢hows the heat

Nu
transfer rate? into a wall as a function of the recombinatiorerpirameter CA large G corresponds to an
e
equilibrium flow and a small {to a frozen flow. As can be seen, for a catalyid!, the heat transfer is independent
on the recombination parameter. For equilibriumvfighe right part of Figure 10), heat will be trésrsed by con-
duction into the wall. In both cases the heat fieanste will be the same. The equilibrium gas nidderefore seems
to be a good approximation for calculating the lieatinto the model wall.

05
’7 Total heat transfer
catalytic wall @

T, = 300 K

Conductive part of heat transfer
to a catalytic wall

ol | | | | | | 1 | ]

0% 10°% 1w+ 1w 10 1w 1 10 102 10% 10*

Recombination rate parameter C,

Figure 10. Heat Transfer into Wall for different Wall Catalysis [9]

Numerical calculations for heat fluxes at wind tehoonditions are made. For simplicity these calttohs do not
include the blocking effect. Results are preseimideigure 11. Here the x axis represents the distaong the cen-
terline of the model and the vertical axis représéne heat flux in W/fat the surface of the model. Note that in
case of radiation adiabatic conditions (coolingtsheéd off), heat flux is much smaller than in caéa cooled wall.
Cooling decreases the temperature but increasesetiteflux into the model. This is because the fleatdepends
largely on the difference between the enthalpyhefdas at the boundary layer edge and the entkipstly at the

wall, (h,—h,) . In case of a cooled wall the enthalpy directlshatwall will become smaller.

During the tests the model is cooled down to al3@@ K. So this line is representative for the tesiditions. By

integrating the heat flux over the surface of thedet, the total heat flow into the model can beaot®d. In case of
water cooling this results in 578 W. At 300K theah®st due to radiation is minimal. Virtually dllis heat will be

absorbed by the water.

During testing, the total pressure in the windturiadow (17 mbar). At this pressure, water boitsahout 17°C,

which is only slightly above the initial temperagwf the water when it enters the model. In thieaanergy required
to heat the water up to the boiling temperaturelmameglected. Only the heat of vaporization igngfortance. By

assuming all the heat is absorbed by the wategrwaiage can then be calculated as follows:

Q.
H

vap

m= @)
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where Qin is the heat flow [W] into the materialm) the water mass flow in kg/s aritlvapthe heat of vaporization

of water (2460 kJ/kg at wind tunnel conditions).

A required water mass flow of 0.235 g/s is calamdafThis is close to the 0.2 g/s of water flow rathich was meas-
ured during the test. The difference is probablg thunot considering the blocking effect in thecoddtions. Further
experiments and calculations showed that analyii|mut blocking overestimate water mass flow rateabout 30%.
This then implies that even 0.2 g/s water mass fae is too much for this test condition.
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Figure 11. Heat Flux Along the Surface of the Mode[[1]

6. Application of Transpiration Cooling to the SpaceLiner

The test results show that the water cooling meth@dpromising solution for the extreme heatinghef SpaceLiner.
The application of the new cooling method is inigeged further, to determine how much water is eéetd cool the
vehicle down during its flight. To be on the saifdes the TPS is designed for the case of a turbbleandary layer.
Furthermore, it is assumed that a TPS materiasési that can withstand temperatures of up to 1800 khis case,
only the nose and the leading edge radii have toolbéed down actively. In [1] the water usage ignested at 9.11
tons.

It is noted that he Procelit 170 material usedrdythe tests is not suitable for application irl fiéght. The material
is extremely brittle and breaks easily. Becausisdfiigh porosity, easy manufacturing charactexsséind high tem-
perature resistance it is ideal for wind tunnelezkpents. In real flight CMC (Ceramic Matrix Comjtes) such as
C/C and C-SiC are more interesting. These mateai@ss/ery strong. During manufacturing, porosity ba adapted
and the required porosity can be obtained. Temperaesistance of C/C is fairly low in oxidizingnaispheres
(720K). C-SiC has a temperature resistance of (BDRDK and is therefore the more promising of the for appli-

cation on the SpacelLiner.

During testing, the model was cooled down to beb®® K. If a material such as C-SiC is used on thacBLiner,

such a temperature decrease is off course not sege8y choosing a lower value of porosity, lesger can flow
through the material and temperature will not daseeas much. This would save coolant mass anc$h1h tons of
water calculated is a conservative value.

Another option to decrease water usage could beedsiog the nose and leading edge radii. This easelen by
taking a look at the following equation:

qstag R'(\)l,s (2)
where

Osng Is the stagnation point heat flux

C isaconstant
P is the air density

V  isthe airspeed

10
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R, s the nose radius

1
As can be seen, for a smaller nose radius theflugah the stagnation point increases, proportlaoaf. Ac-

cording to [1], the total heat flow into a half gpé is given by:

)

. . 5
Qtot = _gnRIi CLtagCOSZ H ’ OS HS 70 (3)

0
Inserting (2) in (3) yields:

Qu 2R (@)

This shows that decreasing the nose radius witl teaa higher heat flux in the stagnation point, less heat flow
into the complete nose. For leading edges a sipitacedure can be used which according to [1] tedul

Qu 2R (5)

7. Conclusions

To perform a flight from Sydney to Western Eurotie&e SpaceLiner needs to be accelerated to 6.55 &ndsan

altitude of 75 km. The biggest challenge seemstthb aerodynamic heating. A promising new wayarigpiration

cooling, using liquid water as a coolant, is intiodd and first test results are presented. A hugrease of cooling
efficiency is observed when using water insteathefoption of using a gas as a coolant.

Preliminary analysis of the water usage of the 8p@er during its flight shows that about 9 tonsésessary to cool
the vehicle down during its flight. Other optiomsreduce the heatload are adapting the trajectoggometry of the
vehicle. This would increase total takeoff weigktrbore than 300 tons. A number of ways may exisethuce water
usage, such as reducing the nose and leading adijeHowever, more tests are needed to confirrsethigeas.

11
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