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OF POOR QUALITY
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Cleveland, OH 44133

and

R. Brinivasan
A. Deranfeld

The Garrett Turbine Engine Company
Phoanix, AZ 83010

abatr Us = sainstreas velocity

st vy = jet velocity

This paper presents experimental results ® = downstream coordinste

which extend previous stedies, on the = 0 at injection plane

»ixing of a single row of jets with an . Y = cross—stream (radial) coordinate
isothersal msainstreas in a straight dact, = 0 at wall

to include flow and geometric variations z - ::::: :"“::"'c“".‘ ential)

typical af cosbustion chasbers in ges
tarbine engines. The principal conclusions
reached fro» these experisents weres 1) at
constant somentus retio, variations in
density ratio have only a second-order
effect on the profilesy 2) a first-order
approxisation to the sixing of jets with a
verisble temperature mainstrea®s can be
obtained by suaperisposing the
Jets-in-an-isothersal-crosstfion and
mainstreas profilesy 3) flomw ares
zonvergence, especially injection-wall
convergence, significantly isproves the
mixings 4) for opposed rows of jets, with
the orifice centerlines in-line, the
optimun ratio of orifice spacing to dect
height is 1/2 of the optimas value for
single side injection at the sase momentus
ratios and S5) for opposed rows of jets,
with the orifice centerlines staggered, the
optimum ratio of orifice spacing to duct
height is twice the optimum value for
single side injection at the sase momentus
ratio.

tomsnclature

Aj/Am = orifice-to-mainstreas area ratio
(P1/748)/((8/D) tHo/D))

orifice discharge coefficient
orifice diamsster

(D) (ean+ (Cd))

jet—-to-mainstreaa density ratio
(Tm/T3)

duct height at injection plane
jet-to—sainstrean mosentums ratio
(DR} (R)=

jet-to-mainstream
density-times-velocity ratio
(DR) (R)

3. 141599

jeat-to-sainstream velocity ratio
(Vj/Um)

epacing between orifice centers
temperature

jeot exit tesperatuwre

sainstreas tesperature

velocity

This paper is dociared s work of the U.S.
Geversmont and therefore is in the public domeia.

O at centerplane

Ilntroduction

Considerations of dilution zone aixing in
gas turbine combustion chasbers have
aotivated several previous studies of the
aixing characteristics of a row of jets
injected noreally into a ducted crossflow
(references 1 to 11). In reference 12, the
effects of saparately varying sosantus
ratio, density ratio, orifice size, and
orifice spacing are revieawad, and the
relations among these which optisize the
mixing are identified, using the emspirical
model of reference 5. The current study
was initiated to extend the available
experissntal data on the thersal sixing of
dilution jets to include geometric and flow
variations characteristic of gas turbine
combustion chaabers.

The exparissnts reported herein are a
direct extension of the experisents in
raference 1 on a single row of jets mixing
with an isothermal sainstreas in a straight
duct. Variations on these experisents
considered in the present paper include:
the role of the density ratio, variable
temperature mainstream;, flow area
convergence, and opposad in-line and
staggered injection. A more complete
presentation of the experisental results,
and discussion of the empirical sodeling
perforased in this study is given in
reference 13.

Experiasntal Considerations

Figure § shows a flow schematic of the
dilution jet test rig. The mainstream
temperature and velocity profiles can be
tailored by adjusting the flow to the
profile generator upstreaa of the test
section. Dilution air enters the test
saction through sharp-edged orifices in the
test section walls fros the top, bottom,

or both. .
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Figure 2 provides more detail on the test
sections and orifice configurations used in
this study. The height of the tes® section
at the injection plane, Ho, was 10 16 ca
for all tests. Orifice plate open aress
ware varied from 2.8 to 20 percent of the
sainstreaa cross section at the injection
location. The primary independent
guoastric variables are the orifice size,
and the spacing beatween adjacent orifices.
These are conveniently expressad in
dissnsionless fora as the ratioc of the duct '
height to orifice diaseter, Ho/D, and the
ratio of the orifice spacing to duct

height, 8/Ho. The product of these is the
orifice spacing-to-diasster ratio, 8/D)

also called the pitch-to-diameter ratio
(..0- r.‘f.' 9 & 10).

Tests were parforasd with single-side
injection for non-isothersal sainstreas
conditions, and for both syametric and
injection-wall convergence, at the rate of
-Scm/ca. BDoth single—side and two—side
injection tests were perforsed using the
straight duct test section.

The dilution jet mixing characteristics
ware determined by ssasuring tesperature
and pressure distributions with a vertical
rake probe, positioned at different axial
and lateral stations. This probe had 20
tharmocouple sleasnts, with a 20-elessnt
total pressure rake, and a 20-eleassnt
static pressure rake located nosinally 5 as
(.05 Ho) on sach side of the thersmocouple
rake. The center—-to-center spacing between
sensors on each rake was also .05 Ho.

This probe was traversed over a satrix of
from 48 to 64 ZI-X plane survey locations.
The flow field aapping in the z-direction
was done over a distance equal to one or
one and a halé times the hole spacing, 8,
at intervals of 8710. For most tests, the
x-y plane containing the orifice
centerline (centerplane) was at the center
of the span surveyeds i.e. data surveys
were from aidplane to aidplane.

Measuremsents in the x-direction were sade
at up to S planes with 0.23 ¢ X/Ho

${ 2. Note that because the

designers’ objective is to identify
dilution zone configurations to provide a
desired mixing pattern within a given
combustor length, the downstreaa stations
of interest are defined in intervals of the
duct height at the injection location, He,
rather than the orifice diaseter, D.

Besults and Discussion

The ssasured gas tesperature distributions
are presented in non-dissnsional form as!

THETA = -
(Ta - T3)

Note that THETA = 1 i{f the local
temperature is squal to the jet
temperature, and THETA = O i¢ the local

tempersture is equal to the asinstreaa
teaperature.

The tespevature field results are presented
in three-diasnsional chlique views and as
isothere contours of the temperasture
ditterence ratio, THETA. Typical axasples
of these are shown in figure 3. In these

" plots the tesperature distribution is shown

in planes noraal to the sain flow
direction. The coordinates y and z are,
respectively, norasl to and along the
orifice row in this constant X plane.
clarity and consistency of the visual
presantation, the THETA distributions are
shown over a 28 span in the z2~direction,

For

" with the plane between jets, the sidplane,

at the edge of the abligque and contowr
plots.

S8ince for moat tests, data were cbtained
over a span of only one orifice spacing,
sysaetry was assused where necessary, and
the data were reflected across the aidplane
or centerplane as apprapriate. In figures
3a and 3b, the right hal¢ of sach figure is
a reflection of the left (with slight
differences due to the contour plotting
routine). In figure 3¢, the data were
obtained from centerplane to centerplane,
and the differences between the right and
left halves of the figure may be due to
differences in flow through adjacent
orifices and/or to a slight aisalignesent
between the flow and gecomsetric

centerpl anes.

The y and z coordinates are shown to scale
in the duct cross—saction scheasatics on the
right of each row in figure 3. Note the
fourfold decrease in the width of the flow
region shown from 8/Ho=1 in the taop row to
8/Ho=.25 in the bottom row. The profiles
and contours in this figure show the
relationship betwaen orifice spacing and
sossntus ratio that gives optisum aixing
for ona-side injection, indepandent of
orifice diasster (refs. 2, 35, and 12).
This can be stated as:i

8/Ho)omrr = u

asnr{(J)

The following paragraphs will present the
exparissntal results for single-side
injection tests with (separately) a non-
isothersal sainstreas flow, symsetric and
injection-wall convergence, and opposed
in-1ine and staggered injection in a
straight duct. In addition to variations
with geomstry, the distributions are
examined in teres of the flow variables DR,
R, M, and J, which are respectively the
density ratio, velocity ratio, density-
timss-velocity ratio, and the sosentus
ratio.

Density Ratie

Figure 4 shows the effect of density ratio
on the THETA distributions. These profiles
are for an orifice configuration with
§/Ho=.S and Ho/D=8, for three differant
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flow conditions. For each of theaes,
profiles are shown at downatream distances
of X/Ho =. 3, 1, and 2 from left to right.
The profiles in the top row are for hot
jats and an ambient sainstreas, whereas the
aiddle and bottoa rowa are for asbient jets
and a hot mainstreams.

In the top and aiddle rowa, the acsentum
ratios are siasilar, and the profiles are
similar, even though the density ratio is
«73 in the top row, and 2.2 in the aiddle
row. The slightly smaller THETA levels in
the top row are a result of the saaller
jets-to-mainstream flow ratio in the hot
jets case. In contrast to these, the
profilas in the bottos row show over-
panetration, as a result of an
approxisately four-tisss larger somentun
ratio. Note however that the jet-to-
sainstreaa velocity ratios are about the
sane for the hot-jets/asbient-sainstrean
case in the ¢first row, and the ambient-
jets/hot-mainstream case in the bottos row.

Figure S shows a siailar comparison for an
orifice plate with the sase orifice—
spacing-to-duct-height ratio (8/Ho), but
with larger holes. The hot-jets/amsbient-
sainstream and ambient-jets/hot-sainstream
cases in the top and bottom rows
respectively have nearly equal density-
times-velocity ratios, but are are very
different due to the large difference in
their somentus ratios. The top and
middle rows show that the THETA
distributions becose more similar as the
somsentum ratios approach squality.

Variable Tesperatie's Hainstreasn

The influence of a non-isotherasal
sainstream flow on the profiles for
8/Ho=.5, Ho/D=4, with Ju22 {s shown in
figure 6. In this figure, the hottest
tesperature in the sainstreas for each case
was usad as Tm in the definition of THETA.

The isothermsal sainstream "control’ case in
the top row is the eiddle row from figure
S. In the center row in figure 6 the
upstreas profile (left frase) is coldest
near the injection wall, whereas in the
bottom row, the upstreaa profile (left
érame) is coldest near the opposite wall.

The shape of these distributions suggests
modelling them as a superposition of the
upstream profile and the jets-in-an-
isothersal —sainstream THETA distributions.
This gives only a crude approximsation
howaver, as there is considerable cross-
stream transport of sainstresas fluid due to
the blockage, and this is not accounted for
in superimposing the distributions.

Elow frea Convergence

The effect of flow area convergence on the
temperature profiles for 8/Ho=.3, Ho/De4,
with J=26 is shown in figure 7. The
profiles in the top row are from the

straight-duct test which was used as the
control case in the previous figure also.
Here, as in the non-isotheraal aainstrean
tests, the jets ware injected ¢from the top
wall.

The profiles in the aiddle row are for a
teat section which converges syasetrically
to 1/2 of the injection-plane height (Ho)
in a downetreas distance equal to 1 Ho
(1.0. .Sca/ca). At all downstrean
locations, these profiles are sore unifora
than the corresponding straight-duct
profiles. Even more of an effect is seen
in the distributions in the bottos row.

The area convercence hare is the sase as in
the aiddle row, but it is asymmetric, with
all of the turning on the injection wall.
This has a dramiitic effect in creating sore
unifora tesperat.ure distributions, in both
the transverse and lateral directions.

Oppeaing Rows ¢f Jdats

The resainder of this paper will present
the experizen:al results for two-side
injection from opposing rows of jets, with:
1) the jet centerlines on top and bottom
directly opposite sach other} and 2) the
jet centerlines on top and bottom staggered
in the 2 (circumferential) direction. The
results of these tests are shown and
compared with the single-side results in
figures B8 to 13. For each case, a duct
cross—section is shown to scale to the left
of the data.

Ooooasd Jet Inisction., Figure 8

shows single—-side and opposed jet injection
casea at a constant orifice diaseter
(Ho/D=@), for sosentum ratios of
approxisately 25. For this somentus ratio,
an appropriate orifice spacing to duct
height ratio for optisue single—-side mixing
is .5 (references Z & 3), as can be saen in
figure 3 and in the profiles in the top row
of figure 8.

For opposed jet injection, with equal
somsentus ratios on both sides, the
affective mixning height is halé the duct
height, based on the result in reference 3
that the effect of an opposite wall is
similar to that of the plane of symmetry in
an opposad jet configuration. Thus the
appropriate orifice spacing to duct height
ratio for opposad jet injection at this
sosentus ratio is 8/Ho=.23. These profiles
are shown in the bottom row, and the two
streams do indead aix very rapidly. Note
that the jet to mainstreas flow ratio is
fouwr-tises greater in the opposed jet case
than in the single—side casea.

Figure 9 shows a comparison between
single-side and opposed jet injection cases
at the sase sosantum ratio, in which the
orifice areas, and hence the jet~to-
sainstreas flow ratio is constant. Here
the opposed jet case requires twice as sany
holes in the row, at one halé the diaseter,
cospared to the wtll_u- single-side case.

U U U S .1
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Figures 10 and 11 show a sintler
relationship between single-stide and
cppuesd jets, for a noainal scasntus ratio
ot 7, as ¢figures §@ and ¥ showed tor a
asosentus ratio ot 28, Note that because
the soaentus ratio is ssaller, the 8/Mo
valuss in figures 10 and 11 are larger than
the correspording values in ¢igurea @ and ¢
(a8e @.9. “‘. 3 and refe. 2. °| and 12).

Ragesred Jdet lnisction. Finally,

figures 12 and 13 show comparisons beatween
single—side and astaggered jet injection for
acaentus ratiocs of 28 and 108 respectively.
Sirce for opposed injection, it was found
that the effective aixing height was halé
of the duct height, it would seea
appropriate to assume for staggered jete
that the eféfective orifice spacing would be
halé¢ the actual spacing.

This hypothesis is verified by the rapid
aixing of the two streams in thae bottom row
of profiles in figurese 12 and 13. In both
tigures the orifice spacing ¢or the
staggered jets ian twice the appropriate
value for one-side injection at the given
sosentua ratio. That is, a configuration
that optimsizes aixing in a one-side
configuration, parftores even better when
avery other orifice is aoved to the
appoeite wall.

Suanery ot Resulis

The principal conclusions ¢from the
ssperisantal results presented herein are?

1) The jet-to-sainstrean aomentus ratio is
the sost iaportant operating variable
tnfluencing the jet penetration and atxing.
At constant socasntus ratio, veriations in
deoneity ratio have only a second-order
eoftect on the profiles.

2) A $firet-order approxiesation to the
aining of jets with a variable tesperature
sainstrean can be achieved by superispreaing
the jets-in-an-.sothereal -eaainetreaa and
upstream profiles.

3) Flow area convergence, esupecially
injection wall convergence, significantly
improves the aixing.

4) For opposed rows of jets, with the
orifice centerlines in-line, the aptisue
ratio of oritice spacing to duct haight is
one-halé¢ of the optisus value for
single-side injection at the sase sosentus
ratio.

%) For opposed rows of jete, with the
ortfice conterlines staggered, the aptisums
ratio of orifice spacing to duct height i
double the optisum value for single-side
injection at the sase sossntuae ratio.
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XMO = 1,000
XmJj - 512

XMO = 2 000
XD) - 1024

XMO = 1.000
X/DJ - 616

XMO = 2 000
XPJ - 10.33

Xh10 = Q. 500
XD, - 244

© THETA

(a) Hot jots - ambient mainstream; DR = .62, J» 3], M+ 2L
©) Ambient jets - hot mainstream; DR =21, J=2L6, M43
() Amblent jets - hot mainstream; DR 2.1, J+ 5.7, M-32

Flgure 5. - Effect of density ratio on temperature profiles (SHo« .5, HolD - &,
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» XMO + 1,000
X/0) - 5,16

(o) Isothermal mainstream, J « 21.6.
) Top cold; )~ 226
Tophat; Jo 2L

Figure 6. - Influence of non-isothermal mainstream on temperature profiles (S/Mo = .5, HolD - &,

XMO - 2,000
XPJ) - %74

s




ORIGINAL PAGE IS
OF POOR QUALITY

XMO - 1000
XxmJ - 516

XMO » 0750 XMO - 1,000
XID) = 184 1 X/J - 512

tc) THETA

(o) Straight duct; J - 2L &
®) Symmetric convergance (5 cmicml; J 28,7,
() Injection well converging (5 cmicam); J =264

Figurs 7. - influsnce of flow area corvergance on temperature profiles (SiHo « . 5, HalD = &),
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() Single-side (kp) Injection: J = 26.3, S0+ 5,
) Two-side Wpposed) Injection: J = 25, SMo » . 25,

Figure & - Comparison between single-side snd opposed jet injaction 4o/ » §),

XMO - 0 500
XP) - 258
0 i

R 17y
-i--l\l:,_

e
|

Tgar
B
—

(8 Single-side tiop) Injection: ) = 2.6, SMo = .S HaD - 4,
b} Two-side lopposed) injection: J = 25, SMo .25 Ha'D - &

Figure . - Comparison between single-side and opposed st injection AYAm -, 1),
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(o) Single-side tapl Injection: J = & 1, SMeo~- L
©! Two-side iopposed injection; ) = 6, SHo « .5

Figure )0, - Comparison betwesn single-side and opponed injection $Ha/D « &,

q

XPJ - 1.3

XMO = Q. 500
XDj = 23

AR %m0 - 2,000
XIS * 19,55
1

W) Single-side tiap) Injection: J = & 1, SMo = 1, HaD = 4.
on-o'?.uﬁ?'umme;m-v.l.m-.sm-t

Figure 11 - Comparison betwesn single-side and cpposd jet injection AYAm - . 051,
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X/HO - 2000
X)) - 258

XioJ - 1033

XMO = 2000
XD = 9.9

XPJ - 249

% XMO + 0,500
R\

ST A T LS J»__ M
] ' P i
® THETA

(a) Single-side (top! injection: J = 21.6, SMo - . 5.
(b) Two-side (staggered) injection: J » 26.4, SMHo = L

Figure 12. - Comparison betwesn single-side and staggered Jet injection (Ha'D = 4; AJAm « . 1)
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&'H'M' N XD« 5.00 N XD+ 1000 ?‘? """" XIDJ - 20,00
1

THETA

(a) Single-side (top) injection: J = 107.8, SHo =, 25,
{b) Two-side (staggeredi injection: J - 103, 1, SHo =, 5,

Figure 13. - Comparison between single-side and staggered jet injection (Ho/D = 8; AjAm = . 05).
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