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At the Space Launcher System Analysis (SART) department of DL R-Cologne, a hyper sonic
spaceplane for passenger transportation is being investigated. A major challenge is the
aer odynamic heating of the vehicle. A possible solution for handling the extreme heatloads
will be presented. The solution involves an innovative new way of transpiration cooling,
using liquid water. The concept has been tested at the arc heated wind tunnel section of
DLR-Cologne. The test campaign will be described and the results will be compared with
transpiration cooling using a gas as a coolant.

1. Introduction
1.1 The SpaceLiner

At the Space Launcher System Analysis (SART) depamt of DLR-Cologne, a hypersonic space plane qunce
for passenger transportation is being investigaié@. space plane is able to fly ultra long distaneeg. from
Sydney to Western Europe, in 90 minutes. This Vehis called the SpaceLiner [1][2][3][7][8][10]. Eh
SpaceLiner uses rocket engines to accelerate.
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Figure 1. SpacelLiner

After engine burnout the remaining part of the Htigs a powerless skip trajectory. Such a skipetajry
introduces extremely high heat loads on the vehitteillustrate this, the trajectory flown by th@&eLiner is
compared to the re-entry trajectory of the Spacaettighin Figure 2. As can be seen the SpacelLines fh

approximately the same speed regime but at lowigudes. This means that the heat loads on theebpzer

will be more severe as compared to the Shuttlelysigahas showed that temperatures at leading addenose
will be approximately 1000K higher [1]. By makiniget leading edges thicker and choosing a larger raaias
temperatures can be limited. Also, a different I{stid) trajectory can be flown to reduce temperasu
However, a skip trajectory greatly improves the immam range of the vehicle. In addition, good aeradyic

performance (which can be obtained by thin wingd simall nose radius) is also of major importanaetffics

kind of vehicle. Therefore, it is interesting twk at active cooling options.

One way of active cooling is transpiration coolugjng fluids as a coolant. For transpiration caplancertain
coolant mass is required to cool down the vehicieng its flight. Transpiration cooling using gaashalready
been studied for different concepts [4]. To redoeerall system mass it is important to use a caaldth a high
cooling capacity per unit mass. Such a coolantccbel liquid water. Together with the wind tunnepagment
at DLR Cologne, a test campaign in the arc heaiad wnnel L2K has been set up to investigate gasibility

of liquid water as a coolant. In order to verifgtadvantage of water compared to the gas, additiests were
carried out using nitrogen gas as coolant.
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Figure 2. SpaceLiner Skip Trajectory vs. Shuttle Re-entry [1]

1.2 Transgpiration Cooling

By making the heated surface out of a porous natexicooling fluid can run through this materighe cool
fluid absorbs heat by convection and thus coolsrihterial down. Usually, a gas is used as a cootémwever,
using a liquid creates the possibility of using fleecalled ‘heat of vaporization’. Because wates the highest
heat of vaporization of all liquids, it seems tothe most suitable liquid for this purpose.

Liquids will not become hotter than their boilirgmperature. In case of water this boiling tempeesis 100°C
at 1 bar and increases proportional to the pres#iuveater remains in its liquid state during thartsportation
through the porous material, the convective cooliigbe very efficient due to the large temperatdifference
of liquid water and the uncooled material. When atarial with a very high porosity is used, it wik cooled
down to approximately the boiling temperature of thater. To prevent water from evaporating withie t
porous material, new water has to be suppliedsaifficiently high mass flow rate. The higher thetheequired
for vaporization, the lower the coolant mass flan te.

The amount of heat which is necessary to evapanaekg of water depends on the initial temperatiréhe
water, the surrounding pressure and the ‘heat pbnzation’. The heat of vaporization is the adifial heat
needed 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 megusome

energy. This is defined by the specific heat ofendt, .., =4186 J/kg.K. Assuming the water will be supplied
at a temperature of 293K and that the boiling tawmoee is 373K (at 1 bar), the temperature diffeeen
AT =80K. To heat 1 kg of water up to the boiling tengtere the energy supplied must be:

Cater * AT =334.9kJ/kg. Then, the phase change occurs. Thisresgan additional 2260 kJ/kg (at 1 bar). As

can be seen this ‘heat of vaporization’ is much entiran the energy required to heat up to the lgpilin
temperature. Water has the highest heat of vapmizaf all liquids. Therefore it is also the masiitable
coolant in this respect.

Using a liquid as a coolant introduces a capillagssure in the porous material. This pressurecaillse water
to flow into regions where no water is present.sT¢gpillary action will therefore automatically gisute the
liquid over the porous material. A simplified mod#l capillary action in a porous material can bedendy
assuming a porous material is made up of a buridigbes with a certain radius [5]. As soon as dllzap tube
has completely filled itself with water, there wile no capillary action anymore. In case of thdinganethod
using liquid water, this means that when water evaigs at the surface of the material, the liquédewlevel in
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the material will drop. Capillary tubes are not gietely filled with water anymore and this then sasi
capillary action. New water is automatically supdlito the surface at exactly the required mass ey

The evaporation of the water has an additionalingatffect. The vapor enters the boundary layerating a
protective layer which blocks the incoming heatxflurhis effect is called “blocking”[1]. A schematic
representation of this cooling principle is giverFigure 3.
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Figure 3. Cooling Principle

2. Wind Tunnel Test Setup

2.1 TheL2K and L3K arc heated wind tunnels

The cooling concept described above was testdeart heated wind tunnel section of DLR-Cologrtee T2K

and L3K arc heated wind tunnels at DLR-Cologneemecially designed for high enthalpy flows. An heater

is used to give the flow its high enthalpy. The evinnnels have a long history in qualifying thermedtection
systems (TPS). They have been for example usdtkitiermes, ASTRA, X-38 and MSTP programs. The gas
species can be varied. Thus it is possible not ttngimulate earth re-entry, but also for exampheaas entry. A
schematic view of the wind tunnels is given in Feyd.

The L3K has a maximal electrical power supply d/1@/. This allows enthalpies up to 25 MJ/kg at resarv
pressures between 0.15 MPa and 1.8 MPa. Throatetéaroan be varied between 200 mm, 300 mm, and 400
mm provide Mach numbers between 5 and 10 at Regrlehbers up to $0n. Models with a size of 280 mm
(W) x 350 mm (L) x 70 mm (H) can be tested in tlenlogeneous hypersonic flow field of this facilitg. the
stagnation point configuration, pressures up tol#38 can be achieved.

The test facility L2K, with a maximum electricalyger of 1.4 MW, can achieve stagnation pressure® ub0
hPa. The different combinations of throat diametérs4 mm, 20mm, 25 mm and 29 mm with exit diansetsr

100 mm, 200 mm and 300 mm provide Mach numbers dmiwt and 8 at Reynolds numbers up t&mo0
Models with a size of 150 mm (W) x 250 mm (L) x i®n (H) can be tested in the homogeneous hypersonic
flow field of this facility.

The wind tunnel performance parameters are givérabie 1.
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Figure 4. Schematic View of Wind Tunnel Facility

L2K L3K
Nozzle exit diameter [mm] 100, 200, 300 100, 200, 300, 400
Mach number [-] 4-8 5-10
Reynolds number [/m] <10' <10
Pitot pressure[hPa] 5-150 15-350
Total enthalpy [MJ/kg] 3-25 6-25
Cold wall heat flux [kW/m?] <2000 <4000
Test duration [ <7200 <1800

Table 1. Performance of L2K and L 3K Wind Tunnels
2.2 Model Construction

To test the Iquid water cooling principle, thre&eatient nose cone models were made out of a paraterial
called Procelit 170 (P170). This material consigt91% ALO; and 9% Si@. This material was chosen because
of its high porosity, its ability to withstand teematures of up to 2000 K and easy manufacturing. mbdels
have a varying nose radius, the smallest radiusgbgicm, the middle radius being 1.75 cm and thgekt
radius being 2.5 cm. The nose radius was varidxt table to investigate the influence of model geoyren the
cooling efficiency. Inside the models, a reservors been drilled out. The models were connected to
stagnation probe holder. A copper tube entersdbervoir for water supply, water mass flow couldab@usted
using a valve. The models and a cross sectiona e shown in Figure 5.

Figure 5. Windtunnel M odels[1]
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Tests were done using all the models. First, ligwiater was used as a coolant. Temperature drops wer
observed for a certain water mass flow. After theests had been completed, Nitrogen gas was used as
coolant. The same wind tunnel flow conditions wased in both cases. The surface temperature wasunszl
using an infrared camera. The test procedure wdsstoinsert the models in the flow, without tramsition
cooling switched on. Following this procedure, edidin adiabatic temperatures could be measuredt, Nex
cooling was switched on and the temperature drofddoe observed.

2.3 Preliminary Testing

For all the tests, the L2K wind tunnel was usedhéuigh 2065.2 K
its performance is less than the L3K, operaticm list

more straightforward. Since there was no experiavitte

testing this new cooling method, operating simpligias

chosen above performance.

Before any reliable tests could be performed, @ertast

settings had to be investigated and tried out. githat

had to be tried out were for example the best why

installing measurement equipment, and the wates ritas

needed for a certain wind tunnel flow enthalpy.stiest

were carried out under relatively low wind tunnattalpy

settings. This was done because the radiation atiiab

temperature of the models needed to be known falysis <4886 K
of the cooling effectiveness. The maximum allowabl 18913 K

temperature for P170 is about 2000K and therefdrel w
tunnel enthalpy had to be set such that this teatper was
not exceeded. The low enthalpy wind tunnel perforceas
given in Table 2.

First tests were performed with a water mass fléwhmut
0.5 g/s. These tests showed that the cooling ici
worked very well. On infrared images it could berséow
the water was soaked up in the material and washiited
over the whole model. Due to gravity the bottont pathe
model was filled with water first. After the bottopart was
filled, water started to flow to the upper regiofiie last
part to be filled with water was the stagnationnpoHere,
the pressure of the flow on the model is the higlaes

therefore the water undergoes the highest resistaen <488.4K
flowing into the stagnation point. This causes riglatively
long time it takes to wet the stagnation point oegiThe 5343 K

above described sequence can be seen in Figuret® tie
temperature scale changes for each picture.

Also visible in this figure is the extreme coolifigpm
temperatures around 2000K to below 488K. Below thi
temperature, the infrared camera cannot measure
temperature anymore. In these regions, the temperé
probably about equal to the boiling temperaturgvafer at
17 mbar (about 290K).

During these tests, an interesting phenomenon w
observed; a huge ice beard was formed on the méHad.
was not expected to happen, because temperaturbe in
flow surrounding the model can reach a few thousa
degrees. An explanation is found in taking a lob& phase
diagram of water, Figure 8. At a pressure of 6 mtree so  Figure 6. Infrared Image Sequence of Water Filling [1]
called triple point is reached. Below this presswwater

can only exist in the solid or gaseous phase. Tésspre in

the reservoir of the model will be equal to thegsttion pressure at the model (17 mbar). Herewtter is in

the liquid phase. When the water reaches the sudapoints of low pressure (<6 mbar), it undergoghase
change. Due to the high surrounding temperatures iexpected that vaporization takes place. However
vaporization requires a lot of energy. Thus, whammuch water reaches the surface some of the waterot

<4884 K
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be vaporized. The water which does vaporize exraoergy from its surroundings, causing the tentperaf
the liquid water to drop to the freezing temperat@and thus causing an ice beard to form (Figure 7)

To prevent such extreme ice building, the watersfilmsv was reduced to 0.2 g/s. At this flow rates building
was still present, but much less extreme. In aalditthe building of the ice took a lot more timeloer mass
flow rate than 0.2 g/s was not possible to achigitle the equipment available.

It is noted that the icing only occurs becausehef éxtremely low pressure in the wind tunnel. & tooling
system would be applied to a hypersonic vehiclehsag the SpaceLiner, pressure during the flightlevde
sufficiently high to prevent ice building. Flowpsation due to icing is therefore not considereldrger.

pO TO hO mair poo Too p Voc ptO,Z Moo Rao ym
[mbar] | [K] [MJ/kg] | [g/s] | [mbar] | [K] [k&m?’] [m/s] | [mbar] (L=1m)
560 3028 4.3 25 0.44 498 2.99E-4 2481 17.3 545 7EA6| 1.397

Table 2. Low Enthalpy Wind Tunnel Perfor mance

Figure 7. IceBeard in Hypersonic, High Temperature Flow [1]

Pressure (Pa)
3

Triple Point

3
10 Vapor

0 100 200 300 400 500 600 700 800
Temperature (K)

Figure 8. Phase Diagram of Water [1]
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3. Test Campaign
3.1 Introduction

After the preliminary testing to find suitable witdnnel settings, the test campaign was startedeMfaass
flow was kept at the value of 0.2 g/s and the winghel performance was kept at the values givehainle 2.
All three models were tested but reliable resukseronly obtained using the models with the largese radii
(1.75 and 2.5cm). Because of the small radius () @firthe sharpest model, radiation adiabatic teaipee
became too high and the model showed signs of mgeiti the stagnation point region. This causessa bf
porosity and therefore water flow is blocked andlitg does not function any longer.

A picture of a test can be seen in Figure 9. Cyedhle shockwave can be seen. Also, the model seefight

up, it is almost as if a light bulb is present e flow. What happens is that the bright light leé &ir flow is
scattered in all directions. This indicates a higfiectivity of Procelit 170 (and thus low emiss$i in the
visible part of the electromagnetic spectrum.

After all these tests had been performed, teste Wene using gas as coolant. The gas used wagariti(dy).

Different coolant gas mass flows were tried oueJeéhtests were performed to be able to comparefficeency
of using water as a coolant with the ‘traditiortaéinspiration cooling using a gas.

Figure9. Test in L2K Arc Heated Windtunnel [1]

3.2 Test Results

Test results of cooling using the model with nasdius of 2.5 cm are presented here. Windtunnelitond for

these tests were as specified in Table 2. Figurehdbs an infrared image of the temperatureseamradiation
adiabatic case. As can be seen temperatures istdlyeation point reach over 2040 K. The right mdrthe

image represents the behavior of the temperatureedain spots on the model with water cooling auere.

The water mass flow rate was 0.2 g/s. Time is ptesein minutes. What can be seen is that the winoldel is
eventually cooled to temperatures below 500 K. ififil@red camera is not able to measure temperatoves

than this value, but as explained before it is eigrethe temperature will be equal to the boilegperature of
the water (which is about 290 K at wind tunnel dtods).
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Figure 10. Test ResultsUsing 0.2 g/sLiquid Water [1]

The surface temperature development of the sants spimg 1 g/s of Nitrogen can be seen in Figurer his
case the stagnation point cooles down to about ¥5(8o even for 5 times higher gas mass flow asrydhe
temperature drop is still much smaller. In the tigart of the figure it can be seen that for thexasanass flow
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rate of the gas as the water (0.2 g/s), temperaltwps are extremely small, especially in stagnapoint
regions. An overview of the test results is presémh Table 3. It can be seen clearly that usiggidi water as a
coolant is extremely effective as compared to cagplising nitrogen gas. Water cooling can therefaee
coolant mass compared to using Nitrogen gas aslardo

1.04g/s 0.54a/s 0.2g/s
Nitrogen Nitrogen Nitrogen
gas gas gas
K I l l |
2000 N
| SPO1
= e SPO2
1500—H— —  — SP03
\ — e SPO4
@ e — S
o I A —— L SP05
- 3
A —
500 '} F 0
0 3:20 6:40 10:00

time [minutes]

Figure 11. Test Results Using Nitrogen Gas[1]

Temperature drop
using 0.2 g/s water

Temperature drop usin
0.2 g/s nitrogen gas

0.5 g/s nitrogen gas

gTemperature drop usin

gTemperature drop usin
1 g/s nitrogen gas

SPO1 >1500K 0K 200K 600K
SP02 >1500K 50K 250K 800K
SPO03 >1500K 100K 400K 850K
SP04 >1100K 100K 400K >700K
SP05 >450K 300K >450K >400K
SP06 >160K 250K >200K >200K

Table 3. Comparison between Gas and Liquid Water as Coolants[1]

Something which was observed during all the wateliog tests is that when the model is completelgked

with water, the stagnation point region is cooledhe lowest temperatures. At other regions, thgptgature is
higher. The explanation probably is that in theystdion point, where pressure is the highest, diquater can
exists at the surface of the model. Here, the nahteools down to the boiling temperature of thetawvaAt

regions of low pressure (<6 mbar) no liquid watem exist. What probably happens is that the wétersffrom

a region with relatively high pressure (the reservb/ mbar) to a region of low pressure (surfamesgure, <6
mbar). Somewhere in the material, the surroundimeggure will reach the triple point (Figure 8). &leice is
formed and some of this ice turns into water vapAsrsaid, this does not happen at the surfackeofrtaterial,
but somewhere inside the porous material. The watpour heats up and therefore, the model is noledo
efficiently and the surface temperature will risae above described phenomenon is clearly visiblEgure 12.
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Figure 12. Cooled M odel Temperature Distribution [1]

4. Numerical Analysis
4.1 Determining the Heat Flux

Transpiration cooling using liquid water has beesvpn to be much more efficient compared to gadirgoTo
be able to make predictions of the required watassrflow for cooling, the results have to be queuti The
first step is to determine the heat flux into thedel. Assuming all the heat will be absorbed bywlaer, the
heat flux directly determines the evaporation ratehe water and therefore the required water nikase.
Because heat flux was not measured during the, tiedias to be determined numerically. The DLR pang
HOTSOSE [11] is used for this. HOTSOSE uses theéliegum gas model to account for real gas effetts.
reality, the gas is not in equilibrium. The flowsisongly frozen and Procelit 170 has a strongtglgtic wall. A
frozen flow is exactly the opposite of an equilibri flow. However, a catalytic surface means thatgioperties
of the model material are such that at the surfaaetion rate of the air molecules is increasedh sbat at the

surface, equilibrium conditions will be achievedgle 13 shows the heat transfer ra:?lﬁ% into a wall as a
e
function of the recombination rate parameterAlarge G corresponds to an equilibrium flow and a smalt&
a frozen flow. As can be seen, for a catalytic wtie heat transfer is independent on the recoribima
parameter. For equilibrium flow (the right partfegure 13), heat will be transferred by conduciitio the wall.
For both equilibrium flow and frozen flow the haednsfer rate will be the same. The equilibrium gadel
therefore seems to be a good approximation foutatiog the heat flux into the model wall.
Numerical calculations for heat fluxes at wind tehoonditions are made. For simplicity these calttahs do
not include the blocking effect. Results are presgin Figure 14. Here the x axis represents thtanice along
the centerline of the model and the vertical arjsresents the heat flux in W/rat the surface of the model.
Note that in case of radiation adiabatic conditi¢osoling switched off), heat flux into the modsl much
smaller than in case of a cooled wall. Cooling dases the temperature but increases the heatntioxtie
model. Heat flux into the model depends largelytba difference between the enthalpy of the gashat t

boundary layer edge and the enthalpy directly atwiall, (h, —h,) . In case of a cooled wall the enthalpy

directly at the wall will become smaller and hdakfincreases.

During the tests the model is cooled down to al3@@ K. So this line is representative for the tastditions.
By integrating the heat flux over the surface & thodel, the total heat flow into the model carobtined. For
the cooled wall, this results in 578 W. At 300K theat lost due to radiation is minimal. Virtually this heat
will be absorbed by the water.

During testing, the total pressure in the windtunsdow (17 mbar). At this pressure, water boilsbout 17°C,
which is only slightly above the initial temperatuof the water when it enters the model. In thisecanergy
required to heat the water up to the boiling terapee can be neglected. Only the heat of vapoomat of
importance. By assuming all the heat is absorbetthdyvater, water usage can then be calculateallas/é:
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where Q, is the heat flow [W] into the materialm the water mass flow in kg/s anH,, the heat of

vaporization of water (2460 kJ/kg at wind tunnehditions).

A required water mass flow of 0.235 g/s is caladafThis is close to the 0.2 g/s of water flow ratbich was
measured during the test (a difference of 14.9%has already been mentioned in section 2.3 theaOth g/s
mass flow was already to much, but that it waspussible to reduce this mass flow further with éxésiting
experimental hardware. The difference could theeefdso be more than 14.9%, however how much nwore i
unclear. This difference of 14.9% or more,couldIvibe caused by not considering the blocking effadhe
calculations. To verify this hypothesis, furthesteewere executed to investigated the blockingceffe more
detail.
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Figure 13. Heat Transfer into Wall for different Wall Catalysis[9]
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Figure 14. Heat Flux Along the Surface of the Model [1]

(=]

10
American Institute of Aeronautics and Astronautiager AIAA-2007-4034



4.2 Investigation of Blocking Effect

Assuming that the numerical calculations have dicseifitly small error (not investigated), an anéysan be
made for the blocking effect. The previous resc#te not be used to conclude anything about thetefémness
of the blocking, because the water mass flow wasigh. Additional experiments had to be carriet ou

For the additional experiments, water mass flow westo 0.24 g/s. The wind tunnel flow enthalpy was

increased stepwise. This way, the maximum flow &pthat which the 0.24 g/s could cool the complatalel
down could be determined. The result for the 0.02&dius model is presented in Table 4. The heatdlong
the model is calculated numerically and is showRigure 15.

Test | pO TO HO Mair P T, 0 Vo My Re,
[mbar] | [K] [MJ/kg] | [o/s] | [mbar] | [K] [k& m [m/s]
8 800 3906 | 7.54 30 0.5561 554 3.038%1Q 2925 | 5.719 | 3.153*10

Table 4. Maximum Wind Tunnel Performancefor 0.24 g/s of Water [1]
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Figure 15. Heat Flux Along the Surface of the Modd at Maximum Windtunnel Performancefor 0.24 g/s
Water Mass Flow [1]

Integrating the heat flux over the complete modefae results in 850 W. With equation (1) the hérsg water
usage is 0.346 g/s. The blocking effect thus s&&86 g/s, or 31%. Similar tests with the modelthwadius
0.0175 m and 0.01 m showed that water mass flowra@sced by 30% and 22%, respectively [1].
Returning to the experiment discussed in the pressgection, the difference between the calculatasisniow
of 0.235 g/s and the applied mass flow of 0.2 gida well be caused by the blocking effect. Assugna®%
blocking, the applied water mass flow only needbdd).165 g/s. This is less than the 0.2 g/s aexktbore is
consistent with the observation that 0.2 g/s isentban required.

Note that the values calculated for the effectigsnef the blocking are only valid under the winchrtel
conditions present during the tests. For other ftowditions, the effectiveness may vary.

5. Futurelmprovements

5.1 Reducing the Water Usage

A number of potential methods exist to reduce tlgewusage for cooling. The first method is to médeenose
and leading edge radii smaller. This reduces thfasel area that needs to be cooled. However, demmase
radius also means an increase in heat flux. Itbeashown mathematically that the smaller area dgtveethe
increased heating in terms of water usage.

Looking at the Fay Riddell equation for stagnatiamnt heating [9] it can be seen that:
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where dsp is the heat flux into the stagnation point in Viand R is the nose radius in m.

According to [12] the total heat flow into an (alstphalf sphere is given by:

4
. 4 . 5
Qo =—gﬂR2 Q,co86| , 0<E<70° 3)

0

where Qtotal is the total heat flow into the half sphere in Wiad is defined in Figure 16.

0 5 \
stagnationX
point N
70°

Figure 16. Definition of 8

Inserting (2) in (3) yields:
6

. 4 5
Qtotal =_EITRISCOSZ 6 y OS 6S 700 (4)

0

Now one can clearly see that the smaller the radessmaller the total heat flow into the nose drasmaller

the water usage. In case of a nose the total lewaiaihd thus water usage is shown to be propoﬂtimmd?l'S.
For a leading edge the result is [1]:

. . 470
Quu 22LVR smH‘O ®)
In case of a leading edge the total heat flow &nod tvater usage is shown to be proportion&fﬁ).

A second method for water reduction is to reduae dbld wall heat flux. This can be done by coverihg
porous material (such as Procelit 170) with a patéml skin. This skin would then heat up, and heat
transferred into the porous material via conductionthis skin. By choosing a material with a suiéab
conductivity, the skin can be allowed to heat up tertain temperature, thus decreasing the cdlidcheat flux.
Perforating the skin allows water evaporated ingbemus material to escape through the holes irskheinto
the boundary layer, thus still being able to uselifocking effect. Figure 17 shows a schematic drgwf this
concept. Alternatively, a material with less potpsiould be used. The material would thus heataupigher
temperatures, reducing the cold wall heat flux.
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Porous material Water supply tube

Perforated skin

Figure 17. Cooled Nose with Perforated Skin

5.2 Potential Materialsto be Used

The Procelit 170 material used during the tests mainbe used to make a nose or a leading edgehéor t
SpaceLiner. The reason is that it is far too leittUnder high stress or in case that something dvhiil the
material (such as a bird) the material would susienious damage. A protective layer would haveeglaced
over the Procelit safeguarding it from damage. Sudayer can have the additional advantage of iadute
cold wall heat flux, as mentioned in the previoest®n.

Another option is to use a porous material whicstisnger and less brittle. CMC (Ceramic Matrix Qusites),
such as C/C and C/C-SiC are interesting. Theserialgteare very strong. They also have the proptray
during manufacturing the porosity can be variedkima it possible to control the amount of temperatu
decrease during cooling. Less temperature decmaasas less cold wall heat flux and a reduced wagss
flow.

Temperature resistance of C/C is not very high sidiging atmospheres (450°C). C/C-SiC can withstand
temperatures of up to 1750°C [3].

6. Conclusions

The water cooling is proven to be extremely effextiThe models are cooled down from temperatures ov
2000K in the stagnation point to temperatures lawan 300K using only little water. Compared togpiration
cooling using a gas (in this case nitrogen), a watass flow of only 0.2 g/s cools the models doewnmuch
lower temperatures than is achieved for gas coalgigg a coolant mass flow five times as high.

By comparing numerical predictions of water usagadtually needed water usage, an analyses ofidb&ihg
effect is made. These suggest that under wind tutove conditions, blocking can save 30% of the eramnass
flow.

Numerical analyses of the tests show that cold Wwedlt fluxes are much higher than radiation adialieat
fluxes. Water mass flow could therefore be redu€édwvas possible to let the surface of the matehieat up.
This could be done by covering the porous matdrjah perforated skin. The skin can be made of amaht
with certain conduction, such that this skin hess This would then decrease the heat flux intogbeous
material. Another advantage is that additionalrgjte is provided to the model. The Procelit 170eriat used
during the tests is very brittle and can not beiagdpo ‘real’ flight vehicles without a protectivayer.
Alternatively, water mass flow could be reducedulsing a material with less porosity. In this cabe, material
would be cooled down less and therefore cold wedltlux would be reduced. Potential materials @@ or
C/C-SiC which can withstand high temperatures amedvary strong. Porosity of these materials cavdreed
during manufacturing.

Research into the cooling method will continue &RD New tests will include models made of C/C-SiC,
leading edge models and nose cones. Test will lzdsexecuted in the L3K arc heated wind tunnelwatig
higher flow enthalpies.
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