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‘Practical aspects of combrstor design for the use of alternate fuels
in the AGT 1500 vehicular gas turbine engine are discussed. Engine
performance test results are related to laboratory data and to
combustor component performance over the range of engine operating
conditions. Fuel effects on starting and low power efficiency are
related to atomizer performance and to drop size distribution.

Smoke emissions are correlated with fuel characteristics, engine
operating conditions, and combustor primary zone design parameters.
Results are presented for fuels ranging from gasoline to No. 6 oil.

"

INTRODUCTION

The ability of military vehicles to use alternative fuels can
provide significant tactical advantages. The U.S. Army's new M-1
tank, powered by the AGT1500 gas turbine engine, was designed to
operate on fuels ranging from gasoline to diesel fuel. A special
feature of the design to assist operation on fuels of varying
heating value is an electronic fuel control which senses engine
speed and temperature and automatically adjusts fuel flow rate to
make power. Figure 1 shows an illustration of the AGT1500 engine.
This engine contains a two spool compressor/turbine with a free
power turbine driving a reduction gearbox connected to the
transmission. A recuperator on the exhaust of the engine heats up
combustor inlet air to improve cycle efficiency. Another important
feature of the engine for fuel economy is variable geometry power
turbine inlet guide vanes which allow the gas producer to run at
near peak efficiency over most of the engine cycle. An accessory
gearbox is attached to the gas producer to provide a starting motor, '
hydraulic power, and fuel pumping capability. i

The AGT1500 engine has a single can combustor, fuel nozzle and a
scroll to distribute the hot combustor gas circumferentially to the
turbine. Minimizing the number of fuel nozzles is an important
consideration in the design of small gas turbines so that fuel )
passages can be misde as large as possible. This is necessary in |
order to pass contaminated fuel and to keep the fuel nozzle as cool
as possible, especially required with a recuperative operating cycle.

The recuperative cycle of the AGT 1500 assists in the
achievement of two major design considerations for vehicular
application: good flame stability and high combustion efficiency.

Both are achieved in large measure by hi¢ch combustor inlet air

temperature which exceeds 600°F at idle and is close to 1000°F at

full power. This cycle advantage, while assisting in the burning of §
alternative fuels, requires special consideration in the design of
the liner wall cooling.

Pigure 2 shows a cross section of the combustor up to the
locatio) where it discharges into the scroll. The liner wall
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cooling design contains short louvers for high cooling
effectiveness. The louver material is thoria dispersed nickel
(TDNi) for high strength. 1In order to enhance multifuel capability
by reducing flame radiation, the fuel injector is an air blast
design. The injector receives its air directly from the compressor
discharge which is at a slightly higher pressure and considerably
cooler than the recuperator return air which goes to the rest of the
combustor. A pressure atomizing pilot ‘injector is used for
starting. This injector is located directly in the center of the
air blast fuel nozzle and operates continuously while the engine is
running.

The combustor system design and development for the use of
alternate fuels was strongly supported by the U.S. Army Tank and
Automotive Command, ref 1-5.

STARTING

One of the most critical aspects of combustor design for highly
viscous alternate fuels is getting the engine started. Problems can
arise in both ignition and the acceleration region between ignition
and idle. Starting can be affected because fuels can have up to two
orders of magnitude variation in viscosity as shown in figure 3 for
different fuels and different fuel temperatures. Viscosity has a
significant effect on flow Reynolds number which, in turn, can
affect the discharge coefficients of fuel system components such as
the fuel metering valve and the fuel injector. 1Increasing viscosity
can affect discharge coefficients in different ways.

Early experience with the AGT1500 operating on No. 4 oil
indicated reduced flow from the fuel control to the combustor in the
starting region due to low Reynolds numbers in the fuel control
valving. The shape of the metering valve stem was changed to
increase the Reynolds number and thereby reduce the sensitivity to
viscosity. Figure 4 shows calibration data for the early design and
for the modified design on viscosities ranging from 2 to 20
centistokes. In the starting fuel flow region where the objective
was to supply 74 pph, the viscosity sensitive design provided only
half the required flow with a fuel viscosity of 15 centistokes. A
modified design provides a significant improvement by delivering 8S
percent of the required value at a viscosity of 15 centistokes.

Fuel injector performance is also sensitive to viscosity. The
discharge coefficient of a pressure atomizing injector usually
increases with increasing fuel viscosity so that the same volumetric
flow passes with less pressure drop. As a result of low pressure
drop. atomization quality is sharply reduced. The deleterious
effect of poor atomization on ignition has been shown to be very
significant. With everything else being equal, Ballal and Lefebvre,
ref 6, have shown that the Minimum Spark Energy required for
ignition varies to the 4.5 power on Sauter Mean Diameter (SMD).
which is a measure of the spray's volume-to-surface ratio. 1If
sufficient ignition energy is available, but the spray drops are so
big that evaporation controls the growth of the spark kernel, then
the minimum fuel flow required for ignition would be expected to
vary with the total surface area of the drops. If the surface area
alone were sufficient to define the fuel flow required for ignition
at a given aero-dynamic condition, then, at the ignition limit, the
required fuel flow ("ta) would vary directly with the SMD.

surface Area ~H£/8HD = Constant
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then

"fR ~ SMD EQ 1

For a pressure atomizing nozzle, SMD is most affected by three
parameters: fuel viscosity (N), pressure drop (AP). and
volumetric flow rate (Hf/pL A typically emperical equation for SMD

is:

SMD ~ N°?? (Wf/p)'"/Ap' EQ 2

Orifice discharge coefficients may be related to flow rate(wf).
density (p), and pressure drop by

.5
CD ~'Hf/(pAp) EQ 3

so that the SMD is found to be a function of viscosity., discharge
coefficient and flow rate by combining equations 2 and 3.

22, .29 .79
SMD ~ N CDp /Hf EQ 4

The required fuel flow can then be related to SMD, EQ 1, as:

W.__ ~ SMD ~N'"CDp'”/ W, '*

fR f

and at the ignition limit when W__ = W

fR f

123 356 _.162

W ~N""C

D EQ §

fR

For fuel nozzles which have no change in discharge coefficient
with viscosity the effect of an order of magnitude change in
viscosity (i.e. 1.5 to 15 centistokes) would require 33% more fuel
tor ignition:

12

W, ~N**?or10°**.1.33 EQ 6

tR

However, if the discharge coefficient also increases with
viscosity, considerably more fuel would be required. Figure 5 shows
the viscosity sensitivity of the initial design of the pilot nozzle
used for starting the AGT 1500. As originally designed the flow
number (used as a measure of discharge coefficient) varies with
viscosity to the .18 power over the range from 2 to 20 centistokes.
As indicated by Equation 5, this would require still more fuel flow
for ignition:

w -~ N-liim-l.).lt - N.I?‘ BQ 2

£R

for an order of magnitude increase in viscosity, the requirement
would be 67% more fuel flow for ignition. A redesign of the nozzle
swirl chamber reduced its viscosity sensitivity to a very low value
as shown in figure 5.

The minimum fuel flow required for ignition is shown in Pigure 6
as a function of viscosity for a variety of fuels in a development
AGT 1500 combustor. The operating condition is at a typical
ignition air flow rate of 1200 pph and data are taken using the
initial fuel nozzle design. The required fuel flow in the viscosity
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range from 2 to 12 centistokes follows the trend expected from
Equation 7. However, above 12 centistokes, considerably more fuel
flow is required than expected from the above analysis.

It is hypothesized that the large increase in required fuel flow
above 12 centistokes is related to evaporation effects because of
the similarity of the curves to blowout data also obtained with
these fuels. Figure 7 shows the lean blowout data expressed as fuel
air ratio for different air flow rates, inlet air temperature and
fuels. The same functions of viscosity which correlate the ignition
data fit these blowout data as well. The results indicate that the
assumptions and possibly tlle expressions for drop size calculation
are not valid for viscosities over 12 centistokes. The assumption
of equivalent surface area, for example, may not be as important as
the number of drops per unit volume or the number of small drops.
Laboratory investigations in the past have shown that the presence
of small drops is crucial to the ignition process. Recently, an
analytical investigation, by Zhou, ref 7, has come to the same
conclusion.

EFFICIENCY

The combustor efficiency required for starting a gas turbine
must be high and vary only slightly if starts are to be successful
with both a cold and warm engine. Otherwise, the mass of fuel
sufficient to start a cold engine would overheat a warm engine. 1In
order to achieve high starting efficiency., the secondary portion of
the nozzle must have a fine spray when fuel is introduced. This is
achievable with high air to fuel ratios in an air blast fuel
injector.

Lefebvre, ref 8, shows that drop size of the air blast injector
can be described as

SMD = 3.33 X 10"(crL P DP/p;VA’) 1+ W /W) e EQ 8

-3 2 42 «37% 2
+13.0 X 10 ' (N{ /o ) ““*pp 1+ W /W)

L L
where o is the surface tension

N is the viscosity

W is the mass flow rate

Dp is a characteristic orifice dimension.

V is the velocity

and the subscripts A and L refer to the air and liquid fuel

respectively

The first term of this equation accounts for surface tension
effects when the viscosity is low. With high viscosities, the
second term dominates the equation and the effect of the liquid to
air ratio (to the second power) becomes an influential effsesct. 1In
the starting region where only a little additional fuel is required
to reach idle, the air blast type injector can provide a low SMD to
obtain high efficiency. FPigure 8 shows measured drop size
distribution in the ignition and starting region using DP-2 with the
current production injector. As the air density increases. as the
engine approaches idle, the SMD decreases due to a reduction in the
first term of the air blast equation above.

The efticiency of the AGT1500 combustor in the ignition and
starting region.is plotted against the kinetic correlating theta
patameter in figure 9 with DP-2 fuel. Bfficiency is over %S\ for
most of the region. Ac the engine acceleratos to idle., coabustor
operating conditions increase the value of theta since the pressure
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and temperature terms increese more rapidly than the air flow rate.
As a result, combustor efficiency continues to increase with
increasing power.

Efficiency over the entire engine operating range from idle to
full power is shown in figure 10 for fuels include gasoline, JP-4,
DF-2, and No. 4 o0il (unheated) which cover a range of viscosities
from 0.5 to 42 centistokes and a wide range of boiling point
temperatures. For most conditions, efficiency does not appear to be
limited by drop size, droplet evaporation, or by reaction kinetics.
Since combustion efficiency is normally classified as being limited
by either evaporation, kinetins, or mixing, it is concluded that
mixing remains the limiting parameter in this combustor system at
operating conditions from idle to full power.

SMOKE

Exhaust smoke characteristics for the production AGT 1500
engine are shown in figure 11 for DF-2, the fuel usually burned in
the M-1 tank. The smoke plume from the exhaust is invisible for all
running conditions with an SAE smoke number of under 45. The engine
specification limit of 30 ensures that there is adequate margin in
meeting the requirement of an invisible exhaust smoke requirement.

The change in smoke number with power level is curiously
different from many gas turbine engines because of the peak in smoke
in the low power region where the engine is operating below its peak
fuel-air ratio. It is hypothesized that this peak level is the
result of the competition between soot production and soot
oxidation, with oxidation predominating above the mid power range
where flame temperatures are highest. Variability in the smoke data
can occur with variations in the engine's variable power turbine
geometry whose main effect on the combustor is to increase air flow
and decrease inlet air and flame temperature when opened at constant
power setting. Early work in the Full Scale Engine Development
Phase showed that decreasing inlet air and flame temperature
increased smoke considerably. That work also demonstrated that
smoke can be controlled by the well known technique of adjusting
stoichiometry and mixing in the combustor recirculation zone.
Figure 12 shows a correlation of the Maximum Smoke Number (MSN) with
primary jet hole diameter, D, and location from the fuel injector,

L. The correlating parameter D'*® is based on jet penetration
proposed by NREC, ref 9, for the primary zone. The correlation
strongly implies that smoke is tormed in the apex of the fuel nozzle
spray where mixing is low and the fuel air ratio is high. This
correlation was obtained with changes in both hole location, hole
diameter, and number but without changes in combustor liner pressure
drop. It suggests that similar results could be obtained by changes
in liner design to increase pressure drop in order to achieve the
same jet penetration.

The Maximum Smoke Number has been found ref, to correlate well
with fuel aromatic content which has been suggested by Blazowski to
be the result of fast condensation reactions of the aromatics, ref
10. Figure 13 shows the correlation with JP-4, DF-2, and unleaded
gasoline. The analysis of the Amoco Supreme unleaded automotive
gasoline was performed by Phoenix Labs. This type of gasoline was
typical of blends used in the mid 1970's to achieve high octane
without lead. As a result, the aeromatic content was increased with
an accompanying decrease in hydrogen and heating value.

Once fuel evaporation or combustion kinetics begin to become
influenced by fuel quality, the smoke number measurement can behave
inconsistently. Pigure 14 shows smoke measurement taken while
burning No. 4 oil in the engine. Soot generated smoke has dropped
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considerably and is more nearly constant with power level. Coke
build up on primary zone liner wall surfaces increased because of
delayed evaporation and fuel impingement on the liner walls. The
reduced evaporation rate moves the combustion zone downstream where
more air is available to reduce fuel rich pockets and thereby
reduces smoke.

WALL TEMPERATURE

The effect of various fuels on wall temperature has been under
serious investigation in several alternative fuel programs, ref 1l1.
Since a change in flame radiation is the source of variation in wall
temperature, it is reasonable to expect that flame temperature and
fuel chemistry (as it effects flame emissivity) are the major
variables. It is difficult however to separate these two variables
since they have strong interactions with each other. Moreover,
evaporation and kinetics can vary with stoichiometry which is
determined by combustor geometry. The geometry effects make
engineering correlations particularly difficult.

Despite the entanglement of variables that affect flame
radiation, Oiler, ref 12, has correlated wall temperature against
fuel hydrogen content, which works as well as other fuel
characteristics in most cases. This variable is used in figure 15
in an attempt to courrelate two combustor configurations with a
variety of fuels. The development combustor configuration is the
same one for which engine smoke data is presented in figure 13 and
appears to correlate a reduction in wall temperature with increasing
hydrogen content. However, the production configuration tests with
two shale fuels do not follow the same trend. It is noteworthy that
the problems encountered with this type of correlation normally
occur with low hydrogen content fuels when the fuel chemistry
changes from a simple paraffinic structure tc a more complex
multi-bonded (ie. aromatic) structure.

Figure 16 shows the same data using aromatic content as a
correlating parameter. All the data now follow the trend of
increasing wall temperature with increasing aromatics. This is
similar to the trend found with the smoke data and strongly supports
the hypothesis that the increased radiation is linked to an increase
in gas phase soot production in this combustor. The differences in
wall temperature level coincide with configuration changes in the
combustor primary zone which gave lower wall temperature with less
smoke.

CONCLUSIONS

The AGT1500 engine was designed to operate on a variety of fuels
from gasoline to DF-2. Laboratory engine tests have shown
satisfactory operation with these fuels without any fuel control
compensating devices. This fuel tolerance has been achieved by a
fuel system designed to minimize the viscosity effects in the fuel.
The fuel is finely atomized and droplet evaporation does not limit
combustion. In addition, the recuperative engine cycle provides
sufficiently high temperature so that combustion is not limited by
reaction rate. As a result, the combustor exhibits acceptably small
change in efficiency. smoke, and wall temperature within the normal
variation of these fuel types.

b ———
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FIGURE 2 - MULTI-FUEL COMBUSTOR
INSTALLATION IN
AGT 1500
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AGT 1500 PRODUCTION FUEL INJECTOR
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DISCUSSION

C.Moses, US
The anomaly shown in Figure 15 may not be resl. For the shale oil JP5S and DFM you show liner temperature

increasing with hydrogen content. The change in H is too small for the range of your graph and the change in
temperature shown may just be due to normal scatter, not hydrogen content. If you had tested a fuel with 14.5
percent hydrogen content in that project as well, the temperature may well have been slightly lower giving you a
correlation line very similar to the upper line in the figure rather than with an opposite slope.

Author's Reply
' Regretfully, only the two fuels were tested with the combustor configuration before the test rig and combustor

were disassembled. The data do emphasize the need for accurate measurements of temperature, hydrogen content,
and aromatics.

H.Saravanamuttoo, Ca
The application of the gas turbine to tank propulsion introduces several new operational problems. These include

extended low power operation, many power changes, and perhaps most importantly continuous operation under
conditions of heavy vehicle vibration and shock. Have these factors had any effect on engine and combustor

durability?

Author's Reply
The application of a gas turbine to a vehicular application does impose a greater number of operating cycles per

; hour than an aircraft application. Moreover, the duty cycle is completely arbitrary and can contain many hours

of continuous low power operation as well as high frequency maneuvers. (But when compared to a diesel engine,
the gas turbine has been shown to be extraordinarily well suited to this application). Obviously, LCF limitations
require that the engine be overhauled at shorter operating intervals than in an aircraft application. Vibration and

shock have nnt been a probleni.

E.Mularz, US
Please elaborate more on your Figure 11 which shows a peak in smoke number at an intermediate engine power

condition.

Author's Reply
This characteristic has been faithfully repeated in laboratory tests and has been observed since the engine conception,

covering all combustor designs and fuel injection techniques used in development. The peak is evident with fuels

from Gasoline to Diesel Fuel Marine. The peak does not occur close to the peak in combustor fuel air ratio (which

occurs at approximately 1200 horsepower). Variations in the amplitude of the peak generally scale with the rest
of the smoke data. The biggest change in smoke number has been found to occur with variations in combustor
inlet air temperature, increasing temperature causing a decrease in smoke. It is presumed that the shape of the
curve is different from aircraft gas turbine engine smoke characteristics because of the can-scroll design and the
I recuperative cycle which delivers high inlet air temperature at low power conditions. It is hypothesized that the
effect is caused by high evaporation rates which cause locally rich burning and smoke production to occur in the
primary zone with subsequent oxidation reactions to occur the turbine, the path length is fairly long and the time
for oxidation to occur at high temperatures is considerably longer than would be present in annular combustor
designs. 1t is inferred therefors that the soot oxidation rate is lower than the production rate at idle but higher at
power levels beyond the peak in the curve.
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CONCEPTION D'UN FOYER A FLUX INVERSE POUR PETITES TURBOMACHINES

par
Andréd MESTRE et Guy LAGAIN®

OFFICE NATIONAL D'ETUDES ET DE RECHERCHES AEROSPATIALES
B.P. n® 72 - 92322 CHATILLON Cedex (FRANCE)

SOMMAIRE

En vue de la réalisation d'un foyer 3 flux inversé pour petites turbo-
machines une &tude préliminaire a &t&€ entreprise 3 1la pression atmosphérique en
absence du convergent 3 retour, afin de permettre l'observation directe de la zone de
combustion et d'am&liorer la configuration {nitiale avant la mise en oeuvre des
mesures appropriées.

L'emplol de cannes 3 prévaporisation a permis d’obtenir des performances

int&ressantes pour le constructeur du point de vue répartition de température i la
sortie du foyer, émissions de polluants, rendement de combustion.

DESIGN OF A COMBUSTION CHAMBERS WITH REVERSE FLOW

FOR SMALL GAS TURBINES

SUMMARY

Test bench experimentation of reverse flow combustion chembers for small gas
turbines vas first oriented tovards atmospheric operation in order to allow direct
observation of the fleme and corresponding movie pictures.

sation and prevaporisation. The latter technique gives higher performance : better
temperature distribution, lower emission of pollutents, higher efficiency. On the
other hand, cold start seemed easiler with wmechanical injection. Therefore auxiliary
fuel injectors had to be used.

‘ Two different types of fuel injection were compared : mechanical pulveri-

NOTATIONS

: longueur de dilution
: débit massique

: rapport de la vitesse de 1otetion 3 la vitesse maxisale de rotetion

: templreture

d
]
N
P : pression
T
T: tesplrature moyenne arithabtique
Ti: tespbreture saximale
Tim: templreture maxisale du profil rediel moyen
V : volume du tube 3 flamme

X : fraction molaire

L: (ndtce d'taiseion de monoxyde de carbone

HSocifeé TURBOMECA
Trevail effectul sous contrer TURDOMECA.
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]k(lHY: indice d'émission d'hydrocarbures fmbriilés
TeNO ¢ indtce d'émissfon de monoxyde d'azote
IENOX: tndice d'émission des oxydes d'azote

o rapport de mélange combustible-air

: accroissement

S

: diamétre

rendement enthalpique de combustion

@ 3

: repére angulaire de sonde

INDICES
a : afr
k : combustible
1 : collecteur d'atr
2 : entrée foyer sauf tndication contratre

3 : sortte foyer

1 - INTRODUCTION

Lez petites turbomachines utilisfes notemment pour la pronulston d'hélicoptéres comportent un
compresseur centrifuge entrainé au moyen d'une turbine axiele.La sortie du compresseur, dont le diamdtre
est sensiblemant deux fois plus grand que celut de la turbine, condittonne le maftre couple de 1la
machine, et le volume disponible 3 le périphirie de la turbine peut &tre utiltsé pour loger le chemdbre
de combustion. Afin de rédutre le porte 3 faux entre les deux roues, 1'&coulement moyen dans le chambre
de combustion subit un changement de directton &gal 3 180°, d'oli 1'eppelletion “foyer 3 flux fnversé”.
L'emplot d'un tel foyer permet d'utiliser au asteux le volume disponible entre compresseur et turbine, {1
permet en outre un démontage staple du certer et du tube 3 flamme sans qu'il soit nécessaire de désac-
coupler la turbine du compresseur lors des révistons, c'est-d-dire une réalisetton moduletre du moteur.

L'8tude d'un foyer nouveau au banc d'essui comporte en général une phese initiale de mise au
point au cours de lequelle 1'obsetrvation directe eins{ que la cinématographie de la zone de combustion
(couleur, loceltisation de la flamme...) fournissent eu spfcialiste des &léments d'eppréctation qut
servent de guide pour retoucher et eafliorer le configuration initiele event le mise en oeuvre des
mesures approprifes. Dans le cas du foyer 3 flux fnversé, 1'observation de le flamme &tant exclue par la
présence du convergenr 3 retour, {1 a paru souhaitable de retirer ce convergent au cours de le phase
{nitiale afin de permettre une observetion directe de la coabustion suivent une direction parallidle 2
1'axe du foyer, et par suite de commencer 1'étude de la combustion 3 la pression etmosphérique [1]. Les
résultats ainst obtenus permettent une amflioration de le chambre de combustion, tant en performance
(rendement de combustion) qu'en tenue du tube 3 flamme.

2 - FOYER A FLUX INVERSE EXPERIMENTAL

Le dessin de ce foyer, dont une dem! coupe est représentée sur la figure 1, a &$t? effectul par
la Société TURBOMECA. De type annulefre, {1 comporte deux Elfaents principaux et distincts emboités 1l'un
dans 1'eutre :

- le tube 3 flemme,
- et le convergent (non utilisé lors des essais 3 la pression atmosphérique).

te tube 3 flasme est constitué par 1'assemblage Jde trots El&ments distincts (virole externe,
virole tnterne et fond) ; di“férents pergages assureat un partege coaventionnel de 1l'air :

- eir de combustion,
- eir de dflutton,
- eir de refrotdissemsent.

Les orifices d'air de combustion et d'eir de dilution comportent des emboutis de rayons appro-
prifs. Les multiperforatfons permettant le refroidisseseant de la virole externe et de le virole interne
sont inclinfes par rapport 3 la normale d'un angle &gal 3 60°.

La préparation du aflenge combustible a &té effectube au moyen de la prévaporisetion, mats des
essais, non décrits tct, ont fgalement Eté effectubs avec des pulvérisetsurs mceniques. Un presfer tube
3 flemme e Eté Equipé de 8 cannes 3 prévaporisation en forme de T comportent chacune deux sorties
dirigbes vers la cise du foyer. La longueur des bres e &té déterninde efin que les jets carburds
reacontrent les jets d'air de combustion.

L'eilumage a &té obtenu 3 partir d'étincelles flectriques 3 haute énergie ; dans le cas de la
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prévaporisation 1l'allumage ne s'est révélé possible qu'en présence de pulvérisateurs suxiliaires ali-
ment&s en kéroséne au moyen d'un ecircuit spéclal. La durée d'utilisation des pulvérisateurs suxiliaires
est généralement limitée & quelques secondes.

3 - BANC D'ESSAI POUR ETUDES DE FOYERS DE PET1TES TURBOMACHINES

3.1 - Essals 3 la pression atmosphérique

Une Jemi coupe schématique du montage est représentée sur la figure 2 et comporte essentiel-
lement un collecteur d'air de forme annulaire sftué 3 1'extérieur de la chambre de combustion dont le
volume est suffisant pour assurer la tranquillisation du flux. Ce collecteur est raccordé par 1'inter-
médiaire d'un convergent 3 un distributeur o'air annulaire qui simule la sortie d'un compresseur centri-
fuge. Une chemise d'eau de forme annulaire permet d'&viter 1'échauffement de la face interne du
collecteur d'air au contact des produits de combustion. L'&videmment central du collecteur permet
1'observation ainsi que la cinématographie de la zone de combustion suivant 1la direction axiale de
1'écoulement.

3.2 - Instrumenta de mesure

Outre les mesures de débits (air, combustible), la qualification de 1'&coulement issu du foyer
est effectufe du point de vue pression, température, composition chimique, au moyen de sondes, mobiles
autour de 1'axe du foyer, et qui peuvent décrire des cerclea concentriques &quidistants. Ces sondes sont
equiples, soit de 5 prises de pression d'arrdt, soit de 5 thermocouples & fil nu, soit encore de 5
prises de préldvement d'échantillons de gaz ; elles sont disposées radialement sur des mits profilés et
refroidis par circulaticn d'eau.

Les &chantillons de gaz aont transportés eu moyen de lignes chauffées juaqu'aux analyseurs et
doséa d'une fagon continue :

- CO2, CO per ebsorption infrerouge,
- Cxlly par ionisation de flemme,
= NOx par chemiluminescence.

Au cours de cheque essei, le totelité de 1'écoulement ennuleire est exploré en pression

d'arrdt, en tempéreture et en composition chimique. Les différentes mesures sont stockées dens les
mémofres d'un ordineteur et un progremme de calcul eppronrié essure les dépouillements en temps réel.

4 - RESULTATS D'ESSAIS

Les résultets déteillés concernent 1'exploretion de le section de sortie du foyer, soit en
températures, soit en concentretion d'&chentillons de gez suivent 32 reyons de référence régulidrement
especés.

4.1 - Observetion et photogrephie de le flemme

L'observetion directe de le flemme e notemment permis d'optimiser le position longitudinele
des cannes efin que le flamme occupe entidrement le fond du foyer. Un excds ou un défeut de pénétretion
des cannes dens le zone de combusiion s'eccompegnait d'une locelisetion de le flemme, soit eu voisinege
de le virole interne, soit eu voisinege de la virole externe. La figure 3 représente 1'espect de le
flemme eprds optimisetion de la position longitudinele des cannes et dans le cas du régime de relenti eu
niveeu du sol.

4.2 - Délel d'ellumage

Le délei d'ellumage e Eté déterminé en fonction du débit d'cir einel qu'en fonction des débits
de combustible {njectés eu moyen des pulvériseteurs euxilieires et des cannes 3 préveporisetion. A didbit
d'eir constent, l'eugmentetion du débit de combustible , soit eu moyen des pulvériseteurs auxilieires,
soit su moyen des cannes 3 préveporisetion entrefane une réduction du délei d'ellumage. Pour un couple de
veleurs déterminfes des débits de combustible, le délei d'ellumage eugaente reletivement peu evec le
débit d'eir : {1 peut olme diminuer lorsque le valeur du débit d'eir est suffisente pour essurer le
pulvérisetion eérodynamique dans les cennes.

A le sulte de 1'expérimeatetion effectube, pour les conditions normales de démarrege i le
pression etmosphérique (ellumage eu eol), {1 est possidle de choisir des veleurs de débits de coabus-
tible pour lesquelles le délei d'ellumage n'excdde pas 5 secondes, indépe-demment de la valeur du débit
d'eir.

4.) - Répartition des templretures 3 la sortie du foyer

Les relevés de templretures d'écoulement 3 la sortie du foyer ont &té effectudn dans un plan
de mesure normal 3 1'exe du foyer. La figure & permet de situer la trece D de ce plen sur un plea de
coupe sfridien : cette trece est replrée par repport 1 1l'exe de l'orifice de dilution iaterme eu moyen
de le distence d. On dietingue &gelement sur la figure 5, les positions et les numbros (1 3 3) des
thermocouples disteats deux 3 deux de 8 millimdtres.

Ea ebsence du coavergeant, les relevls de templretures oat tout d'ebord Eté effectuls dans la
section terminale du tude 3 flamme (d = 40 mm) ce qui correspond § une longueur de dilution relativement
faible par reppcrt 3 la longusur rthelle en présence du convergent. Afin d'eppricier 1'effet de ce
coavergent, le tube 3 flasme e &té prolongé par ume virole annuleire de 32 mm de longueur, équivelente
eu coavergent du poiat de¢ vue temps de ofjour, ce qui e persis d'augsenter la loagueur de dilution d-
ds0mmidd=1 m.
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Afin d'illustrer les principaux résultats, on a représent@ sur les figures 5 et 6 deux évo-
lutions circonférentielles des facteurs locaux de température FLT correspondant 3 des longueurs de
dilution de d = 40 mm (fig. 5) et d = 72 mm (fig. 6) respectivement.

Ce facteur FLT défini par :

FLT. T3i-Ts
Ts - Tz

a &té déterminé aux cinq rsyons C({ indiqués sur les figures., Il caractérise 1'&cart local de la
température [3L par rapport 3@ la température moyenne a3 rapporté & 1'accroissement moyen de la
température 3 la traversée du foyer, ~T3 — 12 . Ce facteur a &té déterminé dans le cas du niveau de
température maximal, soit sensiblement Jx = 1250 K et pour une valeur de la température d'entrée
foyer T, = 633 K.

Les courbes correspondant aux différents thermocouples peuvent &tre repérées par les
différents traits précisés sur le schéma annexe.

11 ressort de la comparaison des deux figures que les factours locaux de température peuvent
8tre réduits d'environ 50 pour cent par augmentation de la longueur de dilution (d = 40 mm 3 d = 72 =m),
en particulier le FLTM (facteur local de température maximal) est réduit de 0,39 3 0,19.

L’effet de ’'a longueur de dilution d aur lea facteurs de température pour les différents
régimes du moteur simulés peut &tre résumé au moyen du tableau numérique suivant :

d (um) N T2 K T3 K FLT™ FGT FRT
40 0,6 425 842 0,31 0,36 | 0,043
40 0,6 428 853 0,28 0,38 | 0,042
40 1 637 1233 0,37 0,38 | 0,052
40 1 637 1221 0,39 0,37 | 0,083
72 0,4 352 762 0,22 0,25 | 0,055
72 0,6 431 854 ! 0,16 0,26 | 0,033
72 1 60 1195 0,17 0,20 0,031
72 1 632 | 1267 0,19 0,22 | 0,03

Les facteura de tesplraturea correspondant aux troia derniérea colonnes sont

= FLTM : facteur local de tempirsture maximal

T -~ T3
™= ———-
e 1‘ - Ta
= FGT : facteur global de température Ton
\/?Jl i (st -’B)"
FGT = v 1-8‘!
Ts = T2
= FRT : facteur radial dec température
FRT = 2= T

La rtéduction dea facteurs de templrature résultant de 1'sugmentation de la longueur de
dilution d est plus marqube dans le cas du régime maximsl (N = 1) que dans le cas du rigime de ralent!
(N = 0,6), cette rBduction est respectivement fgale 3 :
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~ 53 pour cent pour le FLTM,
~ 44 pour cent pour le FGT,
~ 41 pour cent pour le FRT.

4.4 - Analyse des préldvements d'Echantillons de gaz & la sortie du foyer

L'analyse des &chantillons de gaz prélevés 3 la sortie du foyer permet de connaftre les
fractions molaires CO2, CO, CxHy (en &quivalent de CH4), NOx (en &quivslent de NO2). A partir de
ces fractions molaires on détermine les valeurs locales du rapport de mélange combustible, des indices
d'émission des polluants, du rendement enthalpique. Les relations utilisfes pour effectuer les calculs
sont rappelées en annexe.

a) Emissions de polluants

Les valeurs moyennes des fractions molaires X des polluants mesurfes 3 la sortie du foyer
ainsi que les indices d'émission Ie correspondants aux produits suivants :

- monoxyde de carvone,
- hydrocarbures imbrillés, en &quivalent de wéthsne,
- oxydes d'azote, en &quivslent de bioxyde d'szote,

ont §té représentées en fonction du rapport de mElenge X sur les figures 7, 8 et 9.

Les courbes en trait discontinu ainsi que les points blancs correspoadent aux fractions
molaires X, les courbes en trait plein ainsi que les points noirs correspondent aux indices d'émission
exprimés en gramme de polluant par kilogrsame de combustible brlé. 11 ressort de 1'examen de ces
figures que :

- figure 7 : 1'indice d'émission du monoxyde de carbone préseate une valeur minimale qui correspond
approximativement 3 la valeur nominale du rapport de aflange, soit & = 0,011 (1eCO = 50 g/kg), dans
le cas du régime de ralenti (N = 0,6) et & = 0,022 (IeCO = 20 g/kg) dens le cas du régime maximal
(N=1);

- figure 8 : aucune trece d'hydrocarbures imbrilés n'e pu 8tre détectée 2 la sortie du foyer dans le cas
du régime maximal (N = 1) ; dans le cas des régimes de relenti (N= 0,6 - N= 0,4) les valeurs de
1'indice d'&mission restent toujours inférieures 2 1 gramme d'hydrocarbure imbrdlé par kilogramme de
combustible bdrdlé. (L'apparition locale d'hydrocarbures {abrdlés caractérise un injecteur partiel-
lement bouché) ;

- figure 9 : la frection molaire d'oxydes d'azote asugmente régulidremant avec le repport de mflenge
ainsi qu’avec la température de 1'air 3 l'entrée du foyer : la valeur correspondant au régima maximal

(N = 1) est &gale 2 60.1076.

Les valeurs de 1'indice d'émission sont respectivement &geles 2 2,8 ot 4,] gremmes de bioxyde
d'ezote par kilogramme de combustible dans le cas du régime de ralenti (N = 0,6) et dans le cas du
régine maximal (N = 1).

b) Rendement de_combustion

Les valeurs moyennes erithmftiques du rendement enthalpique déterminfes 3 le sortie du foyer 2
partir des valeurs loceles ont &t$ reportles sur la figure 10 en fonction du repport de uflenge
globel & . Le tableau nusfrique situé 2 la pertie supérieure de le figure permet de préciser les
valeurs des peramdtres :

- N , régime du moteur simulé,
Tz . température de l'air i 1'entrée du foyer,
- [l . facteur de charge abrodynamique.

11 ressort de 1'exsmen de cette figure que les readements correspondent su !

- régine maximal (N = 1) sont &geux 3 0,994 ot indépendents du repport de mflenge of dans le domaine
d'expérimentetion ;

- régime de relent! (N = 0,6) présentent une valeur maximale M = 0,987 pour le veleur nosinale du
repport de sflenge, soit o = 0,011 ;

- régine de démarrege (N = G,4) sont -core voisins de "I = 0,986,

1] convient de noter que les bons rendesents qui figureat ci-dessus out §té obtenus lors d'une
expérimentation i la pression etmosphlriyue, c'est-d-dire dans le cas d'une charge alrodynsaique relati-
vement forte per repport i celle du foyer réel.

5 - CONCLUS1OM

Deas le cadre de la conception d'un foyer 3 flux inversé pour petites turbosachines une
preailre phase d'étude 21 la pression atmosphirique, sans convergent de retour, afin de visualiser
eisbaent la zone de combustion et de suppriser les imperfections mises en fvidence au cours des presiers
essalis, a 8té effectube.

Cette $tude ¢ wontrd que l'caplol de cannes i prévaporisstion permetteit l'obtention de
performances correctes dans ua large dosaine de vsriation des perasitree $tudils, tout perticulildresenat
du poiat de wue :

e e n— c——
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- répartition des températures a la sortie du foyer,
- émission des polluants,
= rendement de combustion.

Les difficultés rencontrées lors de 1'allumage en présence d'air froid ont pu étre surmontées
grdce 3 des pulvérisations auxiliaires.

Ii fact cependant remarquer que 1'étude effectuée 3 la pression atmosphérique n'a pas permis
de juger de la résistance thermo-mécanique du foyer ainsi que 1l'efficscité du refroidissement par multi-
perforations, aucun probléme n'&tant apparu 3 la pression ambiante.
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ANNEXE : Définition des paramdtres carsctérisant les performances des foyers.

La formulation suivante des résultats d'analyse de gaz est utilise conjointement par les
Sociétés TURBOMECA et SNECMA ainsi que par le CEPr (Centre d'Essais des Propulseurs de Saclay).

A partir des fractions molaires
XC02, XCO, XCxHy en &quivalent de CHy,
XNO, XNOy en E&quivalent de NO3,

on détermine successivement :

1 - Rapport de mélange
XC0z + XCO + XC,Hy - 29.10°

2,078 + XCOz - 0,038 XCO - XC,Hy

2 - Polluants : indice d'émission

28 1+ .
1eCO = = XCO 10
29 ol
16 1 + 04 s
TeCxly = —
eCxHy XCxHy =3 10
29
30 1+ o
1eNO ® —— XNO 103
29 «
46 1+
1eNOx = — XNOx 103
29

3 - Rendesent enthalpique

Avec :

M =1 - 1072 (ALCO + BICyHy + CIgNOy)

A = 0,0234 +3.1076 12

2

8 = 0,1148 + 7,5.1076 12 + 1,5.1078 (12) 2
2 2

C = 0,00481 + 0,5.1076 12
2

T2 déaignant la teaplrature en degrés Celsius de 1'air 2 1'entrbe du foyer.
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DISCUSSION

G.Vinterfeld, Ge
The radial temperature distribution was measured without the elbow part of the reverse flow combustor. Can you
comment on the influence of that bend on the radial temperature distribution at the entrance of the nozzle guide
vanes?

Réponse d’Auteur
A la sortie du tube 4 flamme, le profil radial moyen de température est relativement plat. La nécessité de refroidir
le convergent au moyen de films d’air permet d’obtenir 4 'entrée du distributeur de turbine un profil radial moyen
plus accentué¢, conforme a celui souhaité pour les aubes mobiles de la turbine.

B.Simon, Ge
For ignition, air temperature is very important. What was the air temperature during your ignition tests?

Réponse d’Auteur
Au cours des essais d’allumage, la température de V'air était voisine de 245 K; le kéroséne était également injecté
a la méme température.




