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Abstract. Due to propellants combustion reactions, high terafures acts in the walls of Liquid Rocket EnginRE)

thrust chamber. This phenomenon can compromisesttiietural integrity of the material used to marnctiae the
thrust chamber. One way to decrease this high temtpes is apply a Thermal Barrier Coating (TBC)eothe inner
surface of chamber walls. The purpose of this papshow the thermal behavior of 8wt % yttria skabid zirconia
TBC apply over copper alloys for aplications in LRtust chamber. There are possibilities to appBCs over the
internal surface of LREs walls thrust chambers tterad the Brazilian Space program. A holder wasppred to

analyze the heat flux through coated and uncoati¢d &1 mm thick TBC applied over copper alloy (UGS3200)
samples. Before introduction in a plug flow comhmsthamber with a large ratio length — diametedaa premixed
combustion system to simulate the real work camuiitiand a premixed combustion system to simulateetd work
conditions, the samples were fixed in the holdegefecting the heat losses from the sides. Wighcimfiguration, it's
possible measure the temperature 0.1 mm over ttiaceusamples in contact with hot gases using ambeouple.
Preliminary results from the test stand allow chéfol temperature versus combustion equivalence.r&tperimetal
results from the heating and coolig samples arengtbto discuss the TBC thermal behavior. From ribésilts will be
possible estimate the thermal characteristics ef IBC analyzed.
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1. INTRODUCTION

In 1997, Immich and Mayer published a paper show tezhnologies that would be used in the LRE’'s glesind
manufacture by European Space Agency (ESA). Ambeget technologies were the application of thernaafidr
coatings and increase the wall thrust chamber tigis&. The National Aeronautics and Space AdministrgNASA)
have developing technologies for a new advancedctawehicles generation with efforts to increase rifliability of
Reusable Launch Vehicle (RLV) (Raj et al, 2007).

For over 20 years, Thermal Barrier Coatings (TBG&Yye been in use in aero turbine engine hot sextibhe
initial applications were driven by the need tom@ss component degradation caused by excessinmahgradients
in vane airfoils (Gleeson, 2006). This analysiswdheork conditions can be apply for LRE thrust chem because it
works in a high level of environment temperatusgjation that can influence the thrust chambercttiral integrity.
Aiming to understand the thermal behavior of a T86tem there are some researches lines (see @teaaleP002 and
Winterfeldt et al, 2005).

The temperature in the supersonic nozzle regionachieve range of 1200 K and 2400 K, so it's neangst® use
significantly wall thickness with the purpose tesslpate the heat from the combustion reactions. flihetion of
nozzles is to expand the gases in conditions df téghperature and high pressure up to externat@mwient pressure,
in order to give impulse to the rocket.

Ostergren and Wirgren in a paper published in 20i8Zussed how the company Volvo Aero CorporatioAGY
has introduced the system coatings in the formhefrhal barrier in the thrust chamber of Viking 4jiere, as well in
versions 5 and 6, successor of Viking 4, Arianeeket propulsion. Until the retirement of this emgin 2003, over of
1000 chambers were coated and launched in morelB@nockets.

TBC consist of a bonding layer and a top layer. Bbrding layer is a transition layer between thel&yer and the
base material. Its function is to effectuate chafréclhesion of the top layer, to provide corrosiesistance of the base
material and to compensate the different thermeffaents between the top layer and metallic sibstmaterial. The
top layer is the actual thermal barrier layer (@teet al, 2002) because part of this system is faatwred with
materials that have low thermal conductivity, lderamics.

Although a TBC system is manufactured with low that conductivity materials, its efficient operatidepend
from the existence of thermal gradient betweenembahetallic substrate surface in contact with redeg from the
combustion reactions and the opposite metallic tsates surface. An alternative to maintain the thargradient
necessary for the efficient TBC’s work is the u$@ oegenerative cycle of cooling, which is usedntooduce the fuel
in the thrust chamber. The other hypothesis thah#&cessary to be considered is the steady stateransfer.
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In this moment, IAE/DCTA is studying the possililib apply TBCs in internal surface of wall's thruhambers
of LREs. A LRE named L75, propelled by turbo pursgstem is in development. This LRE use a regemneratioling
system so would be good possibility to apply anecktthe efficiency of TBC apply over the inner wallust chamber.

2. HEAT FLUX THROUGH TBC SYSTEM

Different computer programs, as well as differerdtmods of calculation have been used as the obgect
calculating the heat flux thorough the wall thrasamber of LRE. Some methodologies are based othdwy of
divide the wall thrust chamber by finite elemeritie heat flux calculations are generally basedherttirust chamber
structural design.

Following the methodology proposed by Kesaev, 12&@d by Almeida, 1999, it's possible to estimhgat flux
acting on the wall thrust chamber.

The initial parameters for calculating the heax filarough the wall thrust chamber are:

e Thrust chamber contour (see blue contour in Figyre
e Pressure acting in thrust chamber;
e Reactions combustion equivalence ratio;
e Temperature acting in the inner wall thrust chansheface;
It's considered a simplification in the heat s#r calculations: the inner wall temperature ishie 800K to
1000K range.

The first step is to calculate the thermo-physipatameters of the combustion reactions, known igali
parameters of mixture ratio, pressure and comhugtimperature.

In the second calculation step the thrust chantdivided in 10 to 15 parts and for each of thasisidns apply
the basic correlations presented in Eq. (1), Egaf@ Eq. (3) in relation to convection and radin@cheat flux.
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Where:

B is a non dimensional coefficient;

B is a non dimensional velocity;

S is a complex thermophysival parameter dependetti@mixture ratio and wall temperature (range:(Bf0
7000 W/nf) obtained from experimental tests;

Pr is the Prandtl number (for gases in the waktayondition Pr ~ 0.75);

M is the Mach number (range: 0 a 4.5);

k is the adiabatic exponent (range: 1.14 to 1.21);

Pe, is the chamber pressure (MPa);

D is the actual section diameter (m);

D, is the critical diameter (m);

The basic correlation for calculation of the radibae heat flux

qrad = ‘9wall gg O-(Tch4 )(0 5)(

Where:

o is the Steffan-Boltzmann coefficient (5.67 *\M¥/m?K?);

Tenis the gas temperature at core of combustion ckafib);

ewal IS the effective emissivity coefficient of wallrface (less than 1);
g4 is the emissivity coefficient of chamber gasesgthan 1);
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¢ is the absorption coefficient in wall layer (l¢kan 1).

The heat flux calculated from this methodologyrssented in Figure 1.
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Figure 1. Heat flux through the wall thrust chamber

In Figure 1 the pink line shows the heat flux tigbuwvall thrust chamber without film cooling and lg&t line
shows the heat flux through with the film coolingtian. The difference from this two configuratiors fairly
representative, because is explicit that the fiboling action decrease significantly the heat faction through the
wall thrust chamber.

The film cooling happen when there is an intentilgnfuel injection by pattern injectors that resuit chamber
walls cooling. Other important analyze is that tigh performance injectors can increase the haaster through the
combustion chamber walls and nozzle walls (Sut@Bi.

The heat flux calculation allows knowledge of tamperatures acting on the wall chamber, from #ssilts Greuel
et al., 2002, proposed the following analysis: igkT,, like the temperature in the interface betweencibating and
metallic substrate andcTlike the temperature in the inner wall surfacecantact with hot gases, it's possible to
calculate the heat flow through the thrust chamizgl in the steady heat transfer expressed by kmjuét

Ueony = ac'(Tc _Tw) (6)

Where @,y is the heat convective flux acting on the wallirchamber and, is the heat transfer coefficient of the
hot gases.
The heat transfer part by conduction can be estighlay Equation 7:

Qeona = — 4 Al ™
cond ' Ay
Where @onq is the heat convective flux through the wall thrasambera is conductivity coefficient of ceramic
material;AT is the temperature difference between the oppssifaces of the coating ang is the coating thickness.
Neglecting the radioactive heat transfer it's polgsio write the following energy balance by Eqoat8:

qconv = qcond (8)
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The energy balance presented allows calculateethpdrature acting in the interface between the llicesabstrate
and ceramic coating. This temperature can be dadddy Equation 9, which is obtained from the algebranipulation
of energy balance shown in Equation 8:

Ay
T T Q 9
w c 1 9)

Where Q is the wall heat flux.

A comparison between TBCs applied over inner serfa#fcLRE thrust chambers and turbine blades isgptesl in
Table 1 showing the difference temperatures obtlaioethese different applications.

Table 1: Comparison of characteristics data faritiqocket engines and turbines blades (Greudl,e2@02)

Inner Wall Thrust Turbine Blades
Chamber Surface
Q (MW/m2) 82,5 1,5
Ay (um) 10 150
A (W/mK) 1,5 1,5
AT (K) 550 150

3. EXPERIMENTAL TEST STAND

The material temperature increase and materialredgas the energy from the heat is absorbed. Theetature
gradients allows that the energy be transportet fiot regions of the material to cooler regionsli{§ar, 2008).

The thermal characterization for coated and uncbeatgper alloy samples assumes the steady statdrapsfer
hypothesis, in other words the heat flux that gbesugh any of the samples perpendicular planesrioehange with
the time.

The aim of this experimental apparatus is analyeeheat transfer that happening through the TB@&sysind
make an experimental studies to check if the Highrhal gradients is decreasing because of TBCatisgl

The study of copper alloy samples thermal behasigiven by thermal cycles of heating and subsegcealing.
The steady state heat transfer temperature is mezhby thermocouples in the coating and metallizssate interface.

One of the difficulties of this experimental woskhow to insert the thermocouple close the surfacentact with
the hot gases. The solution was made a hole indpper sample up to 0.1 mm over the TBC (see Figuré holder
was manufactured to fix the sample over the conmugtrocess, see Figure 3, and analyze the heatthilwugh
uncoated and coated samples. Other particularitgn fthis experimental work is maintaining the thermeadient
between coated surface and it's opposite surfaeeeitallic substrate. In this case the sample wagtipoed over the
plug flow combustion chamber opened to atmosplserjn Figure 2.

AT

Small thickness provide
a better contact of the
thermocouple with the
hot surface

Figure 2. Hole for the insertion of the thermocaupl
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Figure 3. Samples holder.

This device is positioned over a plug flow reactiramber, which is powered by methane and air fleoys,
using a premixed combustion system. This combustimmber was developed from the plug flow modedwsd in
Figure 3.

Figure 4. Plug flow reaction chamber.

The plug flow model provides to a sample in analgzene dimensional heat transfer, the same heasféra
situation presented by Thermal Barrier CoatingesystAccording Turns, 2006, a plug-flow reactor esgnts an ideal
reactor that has the following attributes:

1. Steady - state, steady flow.

2. No mixing in the axial direction. This implies thatolecular and/or turbulent mass diffusion is ngble in

the flow reaction.

3. Uniform properties in the direction perpendicularthe flow, one dimensional flow. In any cross &mttthe

flow velocity, temperature, composition charactesithe flow completely.

4. Ideal frictionless flow. This assumption allows thse of the simple Euler equation to relate pressund

velocity.

5. Ideal-gas behavior. This assumption allows simfg@ligegelations to be employed to relate Tp,RAnd h.

The combustion chamber showed in Figure 4 hasraipeel combustion system where the propellantsraneixed
condition before the combustion reactions. Accayditahallawy and Habick, 2002, a flame may be ba#ticnary
flames on a burner and propagating flames by a @6was from a burner tube, or may be freely pragiag flames
traveling in an initially quiescent gas mixtureainary flames are of two general types:
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e Premixed flames where the reactants are mixed &éefpproaching the flame region. These flames can
only be obtained if the initial fuel and oxidantxture lies between certain composition limits cdlke
composition limits of flammability.

o Diffusion flames where both mixing of fuel and aird the combustion will happen at the interface.

In a work situation the wall thrust chamber will fgbmitted to a premixed combustion chamber. Téss stand
was manufactured thinking in observe the samplegahwork conditions. The Figure 5 shows the eixpental test
stand that was assembled to obtain the experimessalts, where were used a plug flow combusticandfer, a
thermocouple type K and a computer to acquisitibth@ experimental data.

Temperatures Aquisition by Thermocouples

Data System
Aquisition Plug Flow

Combustion
Chamber

Copper Alloy
Sample

Figure 5. Experimental test stand scheme.

LabWiew was the data acquisition software used dblect the datas from the experimental work. Th8s i
commercial software developed by the National tmetnts, among it's advantages is the possibilitgdonect the
thermocouples to data acquisition boards.

It's expected that the temperature in the surfaceadntact with hot gases with ceramic thermal captwvill
decrease when compared with the same surface witkoamic thermal coating.

4. RESULTS

The temperature acting on the sample depends ofdhebustion equivalence ratio. According Turns, €0be
combustion equivalence ratio is commonly used ticate quantitatively whether a fuel-oxidizer midus rich, lean,
or stoichometric. The stoichometric quantity ofdixer is just that amount needed to completely kaumuantity of
fuel. If more than a stoichometric quantity of axet is supplied, the mixture is said to be fuagor just lean, while
supplying less than stoichometric oxidizer resuta fuel-rich, or rich mixture.

Some experiments were made adding fuel to mixtaretifane and air) and measuring the temperatureseThe
preliminary tests allows the knowledge that the gematures that would be achieved according the cetitn
equivalence ratio of propellants.
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Figure 5. Wall surface temperature versus combustipivalence ratio.

The Figure 5 shows the temperature behavior acmotde combustion equivalence ratio. From thesalted’'s
possible to control the equivalence ratio and stlthie coated sample at interest temperatures terrdite in
qualitatively form the coating efficiency. Thesenfgeratures are the same that adiabatic flame textywerof the plug
flow chamber used to heat the samples.

The combustion temperature depend on the reactaitizl conditions (pressure and temperature), ta#s
compositions, the process type involved (constegggure or constant volume) and principally eqeivet ratio.

It's possible define two adiabatic flame temperasurone for constant pressure combustion and aneoftstant
volume. The combustion chamber used in this exmariai work was modeled based on constant pressaodelm
(Turns, 2006).

Samples with and without coating were submittedctonbustion processes with 0.1 and 0.3 combustion
equivalence ratio until to get temperatures ofdyesiate heat transfer, 280 (530 K) and 608C (870 K) respectively.
The Figures 6 and 7 present the thermal behavidhéosamples analyzed.
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Figure 6. Heating and cooling curve for coated amcbated sample for 0.1 combustion equivalence.rati
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Figure 7. Heating and cooling curve for coated amcbated sample for 0.3 combustion equivalence.rati

Both thermal behavior for the combustion equivatéeratios shown in Figure 6 and 7, allows to setiththe same
proportion as the heat transfer gradient betweerséimple’s hot side and side in contact with atiespdecrease, the
temperature at the interface between metallic ngatnd the substrate tends to equalize with theeeature in contact
with the hot gases from the combustion processowitthermal barrier coating in a steady state traatfer.

The difference between the thermal behavior of emband uncoated samples can be observed checleng th
response time according to the heat flux inputsmalyze is possible if the heating and coolingeis parameterized
conform Figure 8.
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Figure 8. Parameterized heating and cooling cusvar uncoated sample.

First order systems are differential systems tmablve only the first derivative in the output signin the
governing equation system. The mathematical mofdblese systems is shown in equation 10.
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dx(t
rJ + X(t) = Ky(t) (10)
dt
Where:

x(t) — output of the system in time t
y(t) — input of the system in time t

According Ogata, 1982,is time constant from a first order system. Howchhamaller the constant time, faster the
frequency response of the system analyzed.

The response times observed for the behavior shamwé&igures 6 and 7 are presented in table 2. & hesults
were obtained observing the frequency responsa fiost-order system in seconds, like it's posstblsee Figure 8.

Table 2: Frequency response time for coated andated samples for two specific combustion equivadaatio.

Combustion Equivalence Ratio Uncoated Sample Cdaamable
0.1 44.80 48.65
0.3 23.80 33.11

Analyzing the results shown from table 2 is eviddrat ceramics coating slows the transient stas¢ transfer
when compared to uncoated copper alloy sample, tenaing it for longer time below the steady statathtransfer
temperatures.

5. CONCLUSIONS

The thermal characterization was made with the gaepto understand the thermal behavior observieg th
difference in frequency response shown by coatethkess, taking as starting point the fact that artta system be a
dynamic system of first-order.

The results show a small delay in the frequencyarse time of the coated samples compared to wdtoat
samples, emphasizing that this study had the parfmodo a qualitative analyze and no quantitatihadyaze. One of the
possible conclusions from this analysis is that®B&€ maintain the surface in contact with hot gaselew the steady
state heat transfer temperature for a determimeel ti

Another important conclusion is presented in Fighiend 7, the necessity of a thermal gradient betwke coated
sample surface and the respective opposite sudiattee sample, in function the trend of temperauoe coated and
uncoated samples to equate when reach a steadystittransfer.

The thermal barrier coatings replace the film auoplefficiently, which increases the specific impulsf rocket
engine providing the increase of rocket’s payload.
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