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Abstract

Measurements of the temperature fiela produced
by a single jet and a row of dilution Jets issued
into a reverse flow combustor are presented. lhe
Ltenperature measurements are presentea n the form
of consecutive normalized temperature profiles,
and jJet trajectories. Single jet trajectories
were swept towara the inner wall of the turn,
whether injection was from the inner or outer
wall. This pehavior is explainea by the raaially
inwara velocity component necessary to support
irrotational flow through the turn. (omparison
between experimental results ana model calcula-
tions showed poor agreement oue to the mogel's not
incluaing the raaial velocity conponent. A widely
spaced row of jets produced trajecteries similar
to single jets at similar test conaitions, but as
spacing ratio was reduced, penetration was reducea
to the point where the ailution Jet flow attached
to the wall,

Introgucticn

The reverse flow combustor for gas turbine
engines derives its name from the fact that the
gas flow direction in the combustor is opposite
to the overall gas fluw direction through the
engine. Thus, the combustion gases must be turneo
up to 180° before entering the turbine. A cutaway
arawing of a tull scale research reverse flow com-
bustor 1s shown n Fig. 1.

The reverse tlow configuration has certain
characteristics that make 1t an attractive gesign
tor small turboshatt engines where its large rn—
tulus alameter goes not incur a drag penalty.,
These engines often have a centritugal high pres-
sure compressor ana the reverse flow combustor 1§
easily couplea to this compressor.

This combustor type has a number of design
challenges, many of which are associateo with the
region where the combustion gases are turned.
This region, or turn section, may also be the
region where the otlution air 1s mixed with the
combustion gases to proouce the desired tewpera-
ture profile at the combustor exit,

Thatrman, Dept. of Mechanical and Aerospace
Engineering.

One major problem is the determination of
atlution jet behavior in an accelerating ang turn-
ing tlow field such as is found in the turn sec-
tion of the reverse flow combustor. The trend in
gas turbine engine cycles is ever higher turbine
inlet temperatures, ana as materials anu design
Timits of turbine blades are approachea it becomes
increasingly more important to precisely tailor
the combustor exit temperature protile, Since a
significant pert of this tailoring 1s cone by the
arlution air there 1s an increasing need for a
better understanding of the ailution jet mixing
phenomena associatea with this combustor type.

A recently completea research program con-
aucted by Case Western Reserve University urder a
NASA orant (NSG 5200) stucied and modelea the
behavior of ailution jets entering on accelerating
and turning flow field. The early phases of this
program involved tests of two Jimensional water
flow models of the turn section, ana deve lopment
of a mathematical model. The results of this
phase were reported in Ret, 2.

In order to gain insight into applying this
model to a reverse flow combustor situation, ano
Lo proviae a data base tor future refinement of
the model, a small reverse flow combustor sector
was desigrea, fabricateo ang tested. The combus-
tor was designea such that the gas temperatures
throughout the turn section coula be mapped. The
arlution zone was representea by multiple rows of
entry ports that could be cappea or connected to a
controllea air supply such that axial locations of
the ailution jets, ana their spacing geometries
could be varieo,

The combustor was operated over a range of
conartions 1n which the density ratios ana momen-
tum ratios of the dilution Jet to the combustion
gases were varied, The temperature cata were
stored in a computer tor future access. The mea-
sured temperature patterns were compared to the
mogel preaictions.

Apparatus and Test Procedure

A cutaway sketch of the test combustor is
shown in Fig, 2. Figure 3 1s a photograph of the
test combustor., The overall size ano geometry
roughly duplicatea the full annular research com-
bustor shown in Fig. 1. Oue to a flow rate
Fimitation and exhaust consigerations the test



combustor was a 90° sector ot a full circle. The
aspect ratio to the primary zone (betore the turn)
was 7.25 and at the exit was 7.8, believeg to be
large enough to approximate a two dimensional flow
behavior in the central region ot the sector with-
out significant sicewail effects.

The combustor was a low pressure, uncooled
design burning low pressure natural gas in eight
tunnel burners located 43 cm upstream of the
turn. Each burner was fea a near stoichiometric,
slightly rich premixea air-patural gas mixture ana
was encirclea by a series of small holes aomitting
primary zone cooling air,

The primary zone ot the combustor was maae of
Inconel-75u X alluy, aliowing a wall temperature
of up to 920 k (1200° F) without significant war-
page. The walls of the turn section were type 304
stainless steel.

The ailution jet entry ports were a series of
pipe nipples brazea to the combustor. Oilution
Jet entry geometry was variea by connecting the
appropriate nipples ana capping the unusea ones.
Due to space limitations it was possible to in-
stall a row of dilution jet engries at only one
axial location on the inner wall (injection point
A in Fig. 4). On the outer wall rows of ailution
Jet entries were fitteg at two axial locations,
points 8 ana C. Powats A and B were locatea
5.1 cm upstream of the start of the turn, while
point C was locatea 14" into the turn,

The dilution jet entry holes were 7.11 mm in
giameter, the size being gictatec by the fittirgs
used. Each row of jets consisted of 21 entry
holes; because of the geometry of the test section
the spacing ratios (5/0) of the [0, 0D, ana
in-the~-benu rows were ditferent. Injection point
A haa a spacing ratio of 2,47. Injection point B
haa an S/0 ot 3.u7, while point C haa an $/U of
3.05. The ratio of the cuct hieght tu injection
hole diameter (/D) was B8.0¢ for injection loca-
tions A anu &, anc 8.03 for locatran (.

The inner anc outer walls ot the turn section
were circular in profile, with radii ot 3.6 ang
6.1 cm, respectively. In oroer to prouuce a con-
verging auct the centers of the two ragii were
offset 1.3 cm. Duct height rangea from 5.7 cm at
the beginning of the turn to 3.3 ¢m at the com-
bustor exit,

This geometry was chosen tor two reasons. The
tirst was that this greatly simplifiea fabrica-
tion; the toroigal pieces were mace by splitting
standara pipe elbows lengthwise. The seconc
reason was that this allowea the fitting of a
moveat:le thermocouple rake that couls rotate
through the turn section as well as make racial
traverses. The position of this rake was con-
trolleo by two nanu cranks.

The air supply was a tentritugal blower pro-
viaing 7 kilopascals (1 ps'y) pressure at about
1 kg/s (2 lb/sec) tlow rate. The tuel was low
pressure commercial natural! gas. Air anu natural
gas tlow rates were monitorec by standara oritice
runs cornecteg te manometer tubes or pressure
gauges,

Apart from pressure taps in the air angc natyu-
ral gas supply lines, instrumentation censistea of
thermocouples mounted on the combustor walls for

rig monitoring ang in the primary one main gas
stream and dilution air supply manifolding tor
rescarch data measurements, Dilution air tempera-
ture was measured by thermocouples inserted into
the manifoldirg system, incluaing a probe inserted
in the supply line about 2 cm upstream of the
point of injection into the combustor.

Figure 4 shows the research instruaentation in
the turn section of the combustor. There were 10
measuring stations spacea 20 degrees apart. The
temperature rake, which was traversea raaially,
containea five thermocouples arrangea horizontally
such that five parallel "layers® of data were
mappea, progucing a three dimensional map of the
turn section that was about § cm thick. Due to
the 13 mm oftset of the probe tips from the shaft
of the rake the traverse paths at each measuring
station were not quite racial in direction.
Station 1 was immediately upstream of the start ¢t
the turn while station 10 was just upstream of the
combustor exit. Temperature measurements were
mage at 9 radial locations at stations 1 to 5;8
ragial points at station 6;7 points at station 7;
ana so on to 4 racial points at station 10. Thus,
each test point condition a 3 dimensional array of
375 temperature measurements mapping the turn
section,

Figure % is a photograph of the test .nstalila-
tion. The test combustor is mountea vertically in
the foreground. The combustor exhaustea into an
atwospheric dump. The thermocouple signals were
processed by a digital thermometer and storeg on ¢
computer agisk.

Each set of experiments consisted of a single
dilution jet geometry operated at a range of
momentum ratios and density ratios. This was done
by varying the combustion gas temperature ang com-
bustion and dilution system tlow rates. The com-
bustion gas temperature at the exit of the primary
zone was varied between 650 K (710" F) to about
820 K (1020° 7). Tne gilution jet temperature was
about 300 K (80" F). The combustor reference
velocity was variea trom about 8 to 12 mifsec
(24 to 36 ft/sec) ano the gilution jet 1njection
velocity was varied from 10 to 25 m/sec (30 to
75 ft/sec).

Test conditions consistea of three or more
momentum ratios ranging from 5.7 to about 11, at
vach of the two density ratios of about 2.14 ana
Z.74.

Results ano (iscussion

A three gimensional array of temperature mea-
surements cogering a central bang of the turn sec-
tion of a 90 sector reverse flow combustor were
recordea for a variety of ailution jet entry geo-
metries, momentum ratios, ang density ratios.

The temperature data are presented in terms of
a nondimensionalized parameter a:

T. -1
O-T———T" -
s

where:



T average prinary zone gas temperature
upstream of the ailution jet entry

1 local temperature

] cilution jet awr temperature )just betore
injection into the combustor.

The centerlines ot the ailution jet trajec-
tories are also presentea. Tne locations of the
trajectories were icgentifieoc as the coldest point
(largest @) in the temperature protile at each
measuring station.

Figure 6 shows the temperature distribution in
the combustor turn without ailution jJets. 1lhis
“base line" gistribution showea a definite radial
profile at the initial stations; the gas tempera-
tures close to the 1nner wall were noticeably
lower than the average temperature (corresponaing
to @ = 0). This overly thick bounuary layer
eftect was apparently a combination ot burner per-
formance ana impertect mating of combustor sec-
tions. By station 5 the radial protile was
t lattened out, partiy a consequence of the con-
verging walls. The temperature gistortion at
station 1, the worst case, correspended to a pat-
tern factor ot u.l17.

Single Jet Results

Figure 7 shows the temperature ovistribution
tor a single jet injected from the inner wall
(point A in Fig. 4). The centerline of the jet
penetrated to about the centerline of the combus-
tor annulus ana then arifteg back towara the inner
wall of the turn. Beyonu station § the protiles
were too flat to locate a detinite path, although
the profiles suggest a drift towarc the inner wall
ot the turn.

This sweeping of the jets towara the inner
wall ot the turn was a surprising behavior. It
was expectea that the ailution jets, being cooler
and thus genser than the combustion gases, would
migrate toward the outer wall of the turn, as was
the case in the preliminary 20 testing with
water,

This inwara arift may be explainea in the
following manner.” From an essentially uniform
velocity profile upstream of the turn, the combus-
tion gases accelerate along the inner wall rela-
tive to the outer wall as they negotiate the
turn. Conservation of mass requires an inward
velocity component to suppcrt this ceveloping
skeweg aistribution. The corresponding combina-
tion ot increasea ragial pressure gradient ang
increased normal velocity ot the combustion gases
with respect to the jet are sutficient to arive
the Jet i1nwara.

Figure 8 shows the temperature agistribution
tor & single jet injectea from the outer wall
{(poInt B in Fig. 4). As in the case with the jet
injectea from the inner wall, the centerline ot
the Jet tendea to uritt toward the 1nner well in
the bena, [n both cases there was consideratle
mixing of the jet anc main stream by station b, as
inoicateu by a tlat temperature protile,

When the jet injection point was move: down-
stream into the outer wall of the turn (point C in
Fig. 4), behavior of the Jet in terms of path ang
mixing were not appreciably altered trom the pre-
vious case, excepl for being shifteu downstream a

aistance roughly corresponaing to the shift in
injection point,

The next two figures present the effects of
increasing the momentum ratio ot the agilution jet
with respect to the mainstream. Figure 9 shows
the etfect of the momentum ratio on & jet injected
trom the inner wall., lncreasing the momentum
rativ resulted in greater penetration ot the jet.
Figure 10 shows the ettect ot momentum ratio on a
Jet inyectea from the outer wall. Again, increas-
ing the momentum ratio increaseg jet penetration.
For a momentum rativ ot 4$.61 the )Jet penetrateg to
the inner wall., Moving the injection point gown-
stream inty the turn simply shifteu the pattern
vownstream with little change in ettect.

Figures 11 ana 1. present the eftect of vary-
ing the density ratio ot the dilution Jet with
respect to the mainstream at constant momentum
ratios., In all cases the genser fluio penetratea
tarther into the main stream but the increase in
penetration was greater tor the Jet being injected
trom the inner wall (Fig. 11) than for the jet
being injected from the outer wall (Fig. 12).
This 1s probably gue to centrifugal forces acting
on the denser fluic as it moves through the turn.
In the outer-wall-injected cases the deeper pene-
tration of the censer jel is partially cancelleg
by the centritugal torces.

Multiple Jet Kesuits

Figures 13 to 1b present the behavior ot vari-
ous contigurations of rows ot ailution Jets, com-
parea to single jet performance at the same test
congition, In graer to metch nomentun ratios, the
single jJet trajectories were interpolateo trom the
gata presented in Figs. 9 anc 1U. The profiie
piots as presented in Figs, 7 and 8 show typical
behavior ot the single jJet situration, but the
difference in momentum vatios between the single
Jet ang multiple jet cata shoulu be taken into
account when comparing thy two sets ot figures.

In all cases involving nultiple Jets (Figs. 1o
to 16) penetration of the row of Jets was less
than that ot the single jet. As the spacing -itio
(aistance between hule centerlines compared tu
hule diameter) increeseu, the pertormance ot the
row ot jets approachea the single jet. When the
Jets were closely spaced penetration was greatly
resuceu, In the case where the closely spaced
Jets were injectea trem the inner wall (Fig. 14)
there was the extreme situation of practicaliy no
penetration into the matn tiow; the ailution jets
in eftect behavea like a tilm cooling slot,

When the closely spaceu Jets were injectea
from the outer wall (Fig. 16) initial penetration
was roughly half the single jet case, but then the
centerline ot the Jet movea toward the outer wall
rather than aritt toward the inner wall ot the
turrn.  In this region of the turn centrifugal
torces on the genser Jet apparently overcame the
inwara arytt eftect anu arove the jet racviaily
outwarc.

It iy apparent that a molel baseu on single
Jet gata will npot accurately preaict the behavior
uf 8 row ot Jets except tor tairly large spacing
ratios. The resuits ot this test suygest a
spacing rativo ot greater than 10 would produce
single jet behavior tor the test combustor.
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A single jet injecteg 1nto a cross flow approaches
the classic situation of flow around a cylinger,
which is the starting point of most mogels of
this flow phenomena.<s3 For & row of jJets with
wide enough spacing between jets the flow field
around each jJet reaches the “infinity" conaition
between the jets. As the spacing decreases the
flow fields around acjacent jets begin to inter-
fere with each other. The overall drag of the row
of jets increases and their trajectories are
dariven closer to the wall.

Comparison with Mogel

The initial part of this program, reported in
Ret. 3, included derivation of a mooel basea on
two dimensional water flow tests. Figures 17 ana
18 compare actual performance of a single gilution
jet in the combustor with performance predicted by
this mogel. In all cases the model predicteg that
the jet trajectory woula migrate to the outer wall
of the turn, where as in the actual tests the jet
trajectory migratec towara the inner wall ot { &
turn. The moael assumeg that the centrif{ ge!
forces on the denser fluid in the jet wou' irive
it outward as it was acceleratea arouna the turn.
In the tests the inwarg drift requirec to conserve
mass3 apparently cancelled the certritugal
effect except in cases where the initial penetra-
tion carried the jet close to the outer wall of
the turn,

Conclusion

1. In the turn section of the reverse tlow
combustor there was an inwara transverse velocity
component cue to the developing nature of the
flow. This eftect ang its associateg pressure
qraaients were found to be very impurtant in form-
ing the gilution jet trajectory. As a cunsequence
the main flow velocity fiela must be well known
ana accurately oescribed for a mogel to accurately
predict the behavior ¢t a single jet or row of
Jets in the dilution zone.

2. A row of wicely spacec iets proauced a
penetration trajectory similar to the pattern
axially downstream of a single jet. An analytical
moael basea on single jet data should make a
reasonably accurate prediction of the behavior
of a row of jets, provided the spacing ratio is
sufficiently high (about 10 for the combustor geo-
metry ana hole size tested).

3. A row of closely spaced jets performed
altogether differently than a single jet. As
spacing between jets decreased, jet penetration
decreased, due to the flow fields around each jet
interfering with each other ang increasing resist-
ance to the main flow. In this test, spacing
ratios of about 3 resulted in the dilution jets
not penetrating the main stream,

4. Shifting the outer wall gilution jet pene-
tration point downstream into the turn dic not
significantly change the jet penetration pattern
other than move it downstrean.
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