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Abstract

The acceptance tests of a new water-cooled conalnustiamber, which was developed for Onera’s
Mascotte test facility in cooperation with the CNE&unchers Directorate, are reported. The first goa
of this device is to provide longer operation timashot gas conditions, representative of rocket
engines main combustion chambers, for CARS or Rpégments. The walls are equipped with many
thermocouples, used to investigate heat transfaninde range of operating pressures (up to 7 MPa)
and mixture ratios (up to 7.5) in order to validdte assumptions retained for the design. The
hardware, the measurements techniques and reseiltescribed.

1. Introduction

Detailed experimental studies of cryogenic propelaombustion, in well controlled and neverthelegzesentative
operating conditions, are needed to optimize th&igdeof high performance liquid rocket engines. rEfere a
research test facility called Mascotte was builtypOnera in the mid-90’s, to investigate elemgntaocesses that
are involved in the combustion of liquid oxygen agmbeous hydrogen near the exit of a single codjettor.
During the last decade, several improvements haen made: the use of methane instead of hydrodgernhg
operation of multi-injector chambers [2] and thalgsis of separated flow in an over-expanded nda&ile
Nevertheless, these tests showed that the tempeiatthe nozzle extension was too low and thetime too short
to obtain good statistics in CARS and PIV measurgmelhus, to sustain higher mixture ratios andyésrduration
tests, it was decided to build a new combustoremwetdoled and fed with multiple injectors withinettommon
Onera-Cnes CONFORTH project. The enhanced goad isctiuire an aero-thermal database for both thestthr
chamber and the nozzle. So, about 200 thermocouydes implemented in the wall and at the face ptdtéhe
combustor, distributed along three generating lines

A first acceptance test campaign was performeddit02 during which the chamber was fed with gasenygen
and gaseous hydrogen. A new test procedure wasedeifn order to ignite at a specified operatinghpaommon to
all tests, and then to move to the target opergioigt. The combustor successfully worked in therafing domain
of Mascotte: pressure ranging from 2 MPa to 6.5 MRé mixture ratio (O/F) varying between 2 and @atffluxes
for the different parts of the combustor, as wellaaliabatic temperature and heat transfer coeffidr the face
plate, have been deduced from temperature measntgneading to a database which first helps tesobdate the
design procedure, and later, can be used for CHDat@n in the near future.

2. Experimental set-up
2.1. Description of the hardware

Several versions of the hardware have been dewtlaped manufactured for the different items of iestrin
experimental research. The first one is the “thérmarsion (Fig. 1a); it consists of an injectiomdd with an
instrumented sleeve (non-cooled), two ferrules, ewatooled and equipped with thermocouples alongethr
generating lines, and an axi-symmetric nozzle.hin $econd version (Fig. 1b), devoted to opticafjmtistics, the
first ferrule is replaced by a visualization moduligh four optical ports. The aim of the third viers (Fig. 1c) is to
investigate the separation of the flow in an ovwgraaded nozzle, in the framework of the ATAC praogr3].
Figure 2 shows the instrumented hydrogen sleevartéen thermocouples are distributed on five ciremong the
five injectors, one central and four peripheralse3e can be located on two diameters. During tbepaance tests,
injectors were located on the inner diameter. Tdhiange of position allows investigating the setlisjbof heat
fluxes to the distance between the wall and thecioy.
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a) Thermal version: two water-cooled ferrules epaip
with thermocouples for heat transfer investages.

7 I

e
i b) Visualization version: one of tlegrfiles
replaced by a module with optjoaits.

c) “ATAC” version: a 2D nozzle tor investigation Bbw separation.

Figure 1: The water-cooled combustion chamber.
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Figure 2: The instrumented hydrogen sleeve (le&ft) the first ferrule (right).
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For long duration tests, this instrumented slesveeplaced by a water-cooled one made of the saaterial than
the ferrules walls.

Figure 2 also shows the first ferrule of the thdrmmmsion. The central part consists of a 10 mrokthwall, equipped
with pairs of thermocouples located on both sidies also equipped with pressure transducers apdrahole for
the torch igniter.

The inner diameter of the combustion chamber amddiameter of the nozzle throat are the same thathe
previous Mascotte combustors.

2.2 Test plan

At the beginning of the acceptance test campaigaf@start point was determined at low mixtur@mrahd chamber
pressure of 0.7 MPa. This point was used for alltésts. The different target points were thantreddy increasing
simultaneously the oxygen and hydrogen mass fldesraigure 3 shows typical test sequences of & daoecation
run (left) and a long duration run (right). Theastg-state is nearly the same for both: chambespresP = 6.6 MPa
and mixture ratio O/F = 6.1. This corresponds thighest load point reached during this test serie

The achieved operating points of the short duragsis are located in the (mixture ratio, chamivesgure) plane on
Figure 4, where the expected dimensionless heatfie represented by the color scale.
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Figure 4: Achieved operating points of the acceqearst series

3. Thermal measurements, counting methods and results

One of the first goals of the acceptance tests tovaslidate the assumptions made on the heat fldxeing the
design of the different parts of the combustionnsher. The heat flux calculation is depending ondbesidered
part of the combustor: the ferrules or the injettinead, or more exactly the hydrogen sleeve. Therlavas
instrumented but non-cooled during the first tesies. The other parts were water cooled, so tieatheat fluxes
could be derived from a spatial gradient betweem ttvermocouples located near the walls, one omtheas side
and one on the cooling water side. The heat flirxéle injection head were estimated from a temipgnadient by
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the usual procedure of counting used in previoesntal measurements campaigns on Mascotte. Thigeingiat
the heat flux is spread in one direction only, vahé&mounts to assume that it is homogeneous onutfigce, or in
other words, that the longitudinal temperature gnais are much more important than the transveradients.
Preliminary calculations showed that this assunmpti@s relatively well verified, even if many recitation zones
between the injectors generate flux variationsheninjection plate. A more accurate determinatibthe heat fluxes
would have been possible by application of an is@enethod, but its implementation and systematoneuld have
been too heavy and disproportionate in the coriéxihe acceptance campaign. To address the nemdnuddiate
use between two successive tests, specific soffwased on a LabView application, was written t&ugiize rapidly
the temperatures and the heat fluxes on the diffgrarts of the combustor. This helped to makedsim: "go or
no go" to the next hot fire test. This softwareliies: restitution of the measured wall temperatureith an
extrapolation from the neighbours for the off theomuples); derivation of heat fluxes from these geratures;
animated 3D visualization of the results; archivimglata files adapted to further post processing.

3.1. Technical specification of thermal calculations software

3.1.1. Nomenclature

a Thermal diffusivity (in [m?/s]) @ = A(pCy) )
Thermal expansion coefficient (in )
A Thermal conductivity (in [W-iK™)
o ) TC : thermocouple

p Density (in [kg.n7]) PE : water side wall

T, Fourier time (in [s]) PG:gassidewall
RC : cooling water circuit

) Surface density of flux (in [W.i)

@ Heat flux (in [W])

Heat capacity (in [J.kgK™)
Effusivity (in [J.KLm?%s'3) (E = qpCy)*? )
Temperature (in [K])

= m O
©

3.1.2. Functional Overview

There are four types of thermocouples (TC) on tdtdNEORTH combustor: TC for measuring the temperadéitae
water with which energy balance is made betweeuntiapd output; TC for measuring heat fluxes by cmtidn in a
semi infinite wall, i.e. the TC of the non-coolegidnogen sleeve with some corrections and thosencbaled
nozzles; TC for measuring heat fluxes in a thinlwal. those of the ferrules; TC for monitoringettemperature, to
which no treatment is applied.

3.1.3. Physical data needed
The hydrogen sleeve is made of Inconel. The corndousthamber consists of two ferrules for thermal
measurements. Their core is made of an alloy wiiesenal properties are function of temperature.

3.1.4. Heat flux calculation
Heat flux on the hydrogen sleeve

The heat flux on the sleeve is calculated by thelugrocedure for a semi-infinite media [4], [Sbricapacitive heat
flux meters, the heat flux is deduced from the terapvariation of the surface temperature.

0= i ®

If the physical and thermal characteristics of thaterial are assumed constant, the best approximating the
values corresponding to the mean temperature dfiehéing up phase, and if dT/¢ constant during the time step
At = t,,; _t, this expression can be numerically integrated :

E (dT d
-([ T
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() =%g{[Tn—Tn_l][(N “n+1) - (N-n)") @

However, the thermocouples are located a littlealaly from the wall. So there is a phenomenon ddydand
diffusion leading to an underestimation of the Haat. The delay is given by the Fourier ting:= L%a. It is an
order of magnitude smaller than the response tihgetbermocouple that is around 0.1 s. The calmianethod is
thus valid.

Heat flux on theferrules

There are two main methods to calculate the haeatffbm temperature measurements: the first oneritesi above,
uses the temporal evolution during transient phaaed the second one, the spatial variation duthiegsteady state
[6]. The choice is determined by the Biot (Bi) nienbFor Bi below 0.1, one can assume that theropailibrium is
reached in the wall, while for Bi above 0.1, thdlwan be considered as a semi-infinite media. With conditions,
we can consider that the temperature in the wailh isquilibrium with respect to heat exchange. Hosveit is
necessary to estimate the diffusion time of a teatpee change, i.e. the Fourier time. For a walttkiess of 10
mm, this time is 1 s, which is large enough comgiarethe sampling period. This shows that duringy vapid
changes in temperature, the wall can be considesea semi-infinite wall, while at steady stateahaves as a thin
wall. We therefore propose to select at each titap, she maximum between the flux deduced fromtéimeporal
evolution of the surface temperature ("Laplace"hud} and the flux calculated with the spatial geatli For the
"Laplace" calculation, only the hot gas side wathperatures are used. The heat flux density péravea deduced

from the temperature gradient is given by = /](T).DT . For the very first exploitation of the tests, ptite radial

component is used. If the distance between thetleomocouples is and the best approximation is obtained with
the thermal conductivity at the mean temperatutevéen the hot gas side{d) and the cooling water side {F ,
thus:

@ = A(TpetTpe)/2) X (Tpg — Tee)/l )

3.2. Resultsfor themost restrictive operating point

Figure 5 displays the temperatures measured ofirtfiderrule and on the hydrogen sleeve duringshert test of
figure 3. The heat fluxes that are deduced fronséhmeasurements are given as well. For the fetheldluxes
calculated from the temporal and from the spatraldgents are both presented. To obtain the firgt fsom the
temporal evolution of the surface temperature (he.hot gas side thermocouple), it is assumedtieatvall is semi-
infinite and exposed to an uniform flux. This asgtion is of course realistic only in the very firsbments of the
run. For the latter, we consider the diffusion ehthrough the wall and use the difference in traipre between
the hot wall and the cold wall. This calculatiorceampletely valid as soon as a steady-state ihieghd.e. as soon as
the temperatures become stationary. Comparingrbertethods allows us to reinforce the magnitudiusks.
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Figure 5: Temperatures and heat fluxes on theléefrand on the hydrogen sleeve (P = 6.6 MPa ~G8H)
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The right part of the figure concerns the instrutadrsleeve. For this, a spatial gradient type d¢afimn is of course
not possible since this part is non-cooled andethamme thermocouples on hot wall side only. Figurés @
representation of the temperature field at seva@hents, obtained by symmetrising the measurebeofdurteen
thermocouples actually present on the face.
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Figure 6: Temperatures on the face plate (P = @& MO/F = 6.1)

Figure 7 shows the temperatures measured on thgasoside and on the cooling water side of the fevniles
during the steady state of the long duration testan be noticed that the trace of the injectoaterds quite far from
the face plate, as the temperatures begin to hommegenly at the end of the ferrule 1. This zondosated
downstream of the maximum temperature, which priybatrresponds to the region where the flame ofitjectors
hits the wall. The recorded maximum temperatureshégher than the design assumptions, but theséilissome
margin before reaching values that could damagentterial.
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Figure 7: Temperatures of the ferrules at steaalg st
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Figure 8 compares the temperatures observed dthengteady-sates of the short and of the long Heist.roughly
the same operating point and we can see that thygei@ture fields are very similar.

Figure 8: Temperatures of the hot gas side of lkertifor a short test (left) and a long test (rjght

3.2. Heat exchange char acteristic parameters

Hardware design requires thermo-mechanical caloulst For these, the heat flgkapplied as boundary condition
is classically described by two characteristic parters: an exchange coefficieht obtained from the Bartz
correlation, and the adiabatic wall temperatlige, often linked to the stagnation temperature & tlow. The
relationship between these quantities gs= h (T, — T,) whereT,, is the wall temperature. When the flow is
stabilized,h andT, are constant so that the flux depends linearlyhenwall temperature. This property can be used
to evaluate these two parameters.

Figure 9 displays the flux versus the temperatoretWo of the thermocouples on the outer row of sheeve. A
straight line can be fitted on the part of thisweucorresponding to the steady-state with a redsenagression
coefficient for the TC in front of the injector. Fthe other one, the discrepancies reveal a masteady flow due to
the large recirculation in this region. Neverthslethe heat exchange coefficidnis given by the inverse of the
slope and the adiabatic temperature by the intedigfed byh. The uncertainty of this method was less than 10%
for the determination of the adiabatic temperatbut,it could reach 30% fdr, depending on the operating point and
on the location of the thermocouple. This treatnsgglied to all the TC are summerized figure 10.

In conclusion, this operation has demonstrateddasibility of determining the exchange coefficieand adiabatic
wall temperatures. However, for some measuremesitipos, principally near the injectors, local fluations of the
flow lead to somewhat inaccurate values. It rem#iasthe obtained exchange coefficients are ctamgiand higher
than the values used for the design.

The adiabatic temperatures, in contrast, are maafer than those provided by a CFD computation pidothe

thermo-mechanical sizing, and are relatively inaeleait of the operating point. We recall that thegrevin an

interval [1000 K 2400 K].

It therefore seems possible to think that coolleywall of the ferrules has a definite influencetlom stratification of
the flow on the sleeve.
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Figure 9: Heat flux versus temperature on the hyeinosleeve in front of injector (left) or betweempctors (right)
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Figure 10: synthesis of heat exchange coefficilefi) @nd adiabatic wall temperature (right)
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4. Conclusion

A new water-cooled combustion chamber adapted @octiyogenic bench Mascotte was developed by Omera i
partnership with the CNES. The modular approachttof new experimental device allows the thermal
characterization, optical diagnostic and the anslyd the unsticking of jet in nozzle for close ddions of
functioning (multi-injection, high-pressure and higixture ratio) of those met in combustion charsbarengines
rocket. A first campaign performed with multiplggation of Gox / GH2 was realized. It has exploaidhe domain

of planned functioning. A quasi instantaneous eiation of the temperatures measurements has alléevealidate
the chosen criteria of sizing based on thermal axgh coefficient and wall adiabatic temperaturenefiough some
discrepancies were found due to different thernraltification from that used initially . The goodsults of this
campaign allow pursuing with confidence the follogiactivities consisting in multiple Lox / GH2 iefgon and
combustion characterisation and visualization.
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