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fbstract

This paper prasents expsrisental ard
empirical scdel results that extend
previous studies of the mixing of
single—-sided and opposed rows of jets in a
confined duct flow to irclude effects of
non—circular orifices and double rows of
jets. Analysis of the mean tem orature data
obtained in this investination showed that
the effects of orifice shape and double
rows are significant oniy in “he region
close to the injection plane, provided that
the orifices arc symmetric with respect to
the main flow direction. The penetration
and mixing of jets from AS5—degree slanted
slots is slightly less than that from
equivalent-area symmetric orificis. The
penvtration from 2-disensional slots is
similar to that from equivalent-area
closel y-spaced rows of holes, but the
mixing is slower for the 2-D slots.

Calcul ated mean temperature profiles
downstream of jets from non—circular and
double rows of orifices, made using an
extension developed for a previous
empirical model, are shown to be in good
agreement with the measured distributions.

cla r

= orifice-to-mainstream area ratio
= (Pi/4)/((S/D) (Ho/D))

= (S/Ho) (SRT(J))

Cd = crifice discharge coefficient

= orifice diameter

= SRT((4/Pi) (Aj))

= (D) (SRT(Cd))

To be presented as paper HIAA-B85-1104 at
the AIAA/SAE/ASME 21=t Joint Propulsion
Conference, Monterey, California, July
8-10, 198S5.
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Combustion Engineering Sciences

DR = density ratio
= ‘Tm/Tj)
Ho = duct height at injection plcne
J = momentum flux ratio
= (DR) (M) = (DR) (R)=
M = mass flux ratio
= (DR) (R}
Pi = 3.14159
R = velocity ratio
= (Vj/Um) '
S = spacing be.ween wifice centers
Sx = upacing tLctweern orifice ross
T = temperature
T3 = jet gxit temperature
Tm = mainstream tesoerature
TB = equilibrium THETA
= W,/
THETA = (Te—-T)/(Tm-Tj})
L = velocity
Um = mainstream velocity
Vi = et velocity
wW,/w~ = jet-to-total mass
flow ratio
W = 2-D slot width
X = downstream coordinate
= 0 at orifice center for single row
= 0 midway between double rows
Y = cross-stream (radial) coordinate
= 0 at top wall
7 4 = lateral (circumferential)

coordinate
0 at centerplane

ntr 10

Considerations of dilution zone mixing in
gas turbine cosbustors have motivated
several studies of multiple jets in a
contined crossflow to identify the dominant
7“low and geometric parameters governing the
mixing, and to support multi-dimensional
numerical modeling of constituent flows in
combustion chambers. For example, the
studiss reported in Refs. 1 to 5
investigated the mixing characteristics of
a single row of jets injected normally into
an isothermal flow of a different
temperature in a constant area duct. Recent
experiments reported in Refs. 6 to 8
extended the previous studies to
investigate the role of several +low and
geometric variations typical of gas turbine
ombustion c.ambers, namely variable
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temperature mainstream, flow area
conver gence, and opposed ir-line and
steggered injection.

Many gas turbine combustors in current
operation use multiple (axially staged®
rows of dilution jets, and some of them use
orifice shapes other than circular holes.
This study was undertaken to analyze the
mixing of jets from these configurations
vis—a-vis that froca equally spaced circular
orifices, to extend an existing empirical
model to include the effects of
non—-circular orifices and double rows, and
to i ‘rease the available dilution jet data
in su, Jort of multi-dismensional numerical
modeling.

Experimental Considerations

Figure 1 shows a flow schematic of the
dilution jet test rig and the orifice
configurations used in this study.
Mainstream air was heated to approximately
&50X. Ambient temperature dilution air
entered the test section through
sharp-edged orifices in the top duct wal.
of the test section. The orifice plate
plenum had the capability to supply
independently controlled air flow to each
row of jets. The orifice air supply and the
main air supply have perforated plates to
ensure uniform flow distribution. The ratio
of the urifice plate open area to the
mainstream cross sectional area, Aj/An, was
.098 for all orifice configurations
considered, except for the square noles and
narrow slot plates for which Aj/Am=.049,
The height of the test section, Ho, was
10.16 cm for all tests.

The primary independent geosetric variables
for each row of holes are the spacing
between adjacent orifices, S, and the
orifice diameter, D} for non—circular
orifices the l-tter is taken as the
diameter of a circle of equal area. The
discrete slot orifices investigated had
semi—-circular ends, and an aspect ratio
long:short) of 2.8:1. The orifice spacing
and equivalent diameter are expressed in
dimensionless form as the ratio of the
orifice spacing to duct height, S/Ho, and
the ratio of the duct height to orifice
jiameter, Ho/D. The spacing between rows,
Sx/Ho, was .5 or .25 for the double-row
plates tested.

Test conditions were established with the
density ratio, DR, and the
jtt—to-mainstream momentum flux ratio,
J=(DR) (R)* as the primary

independent flow variables. For all tests
1in this phase of the study, the density
ratio was approximately equal to 2.2, and
the momentum flux ratio varied from
approximately 6 to 106.

The dilution jet mixing characteristics
vere determined by measuring temperature
and pressure distributions with a vertical

rake probe, positioned at different axial
and lateral stations. This probe had 20
thermocouple elementn, with a 20-elesent
total pressure rake, and a 20—zlement
static pressure rake located nominally S5 sm
(.05 Ho) on each side of the thermocouple
rake. The center—*to-center spacing between
s@nsors on each rake was also .05 Ho.

This probe was traversed over a matrix of
from 44 to 64 I-X plane survey locations.
The flow field mapping in the Z-direction
was done over a distance equal to one or
one and a half times the hole spacing, S,
at intervals of S/10. Measuremonts in the
J-direction were made at up to 5 planes
with 0.25 < X/Ho < 2. For

double-row configurati:ons, X=0 was taken to
e midway hetween the two rows.

Results and Discussion

The measured gas terperature distributions
are presented in non-dimensionzl form as:

THETA = (Tm — T .

vwhere Tm = mainstream temperature, Tj = jet
tempzrature, and T = local temperature.
MNote that THETA = 1 if the local
temperature is equal to the jet
temperature, and THETA = 0 if the local
temperature is equal to the mainstream
temperature. The equilibrium THETA for any
configuration is equal tc the fraction of
the total flow entering through the
dilution jets.

The temperature field results are presented
in three-dimensional oblique views and
isotherm contours of the temperature
difference ratio, THETA. In these plots the
temperature distribution 1s shown in planes
normal to the main flow direction. The
coordinates Y and Z are, respectively,
normal to and along the orifice row in this
constant-X plane.

The following paragraphs and the plots in
Figs. 2 to 7 present the experimental
results for single-side injection tests
with non-circular orifices and double rows
of holes. In addition, the empirical model
of Ref. 7 has been extended to include
these cases, and comparisons are shown
tetween the model predictions and
e>perimental data in Figs. 8 to 10. A
summary of the test conditions
corresponding to the data shown is providad
in table I.

Slots and Holes

Figure 2 shows 3-D oblique THETA
distributions 1or equally spaced circular
holes and equivalent-area streamlined,
bluff, and slanted slots with S/Ho=.5,
Ho/D=4 at inteormediate momentum flux
ratios.
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The streamlined slots (part b) have deeper
jet penetration for X/Ho<1l compared to the
circular holes (part a). Part c) shows that
for X/Ho<1, jets from bluff slots are more
2-dimensional across the orifice
centerplane, and their penetration is
slightly less, than for circular holes and
streamlined slots. Farther downstream both
of the slot configurations and the circular
foles produce very similar completely mixed
temperature distributions.

Figure 2d) shows the resultant temperature
distribution when the same slot is slanted
at 45 degrees to the main flow direction.
There does not appear to be any advantage
in this configuration compared to the
circular holes, or streamlined or bluf¥f
slots, in fact the penetration and mixing
are noticeavly less. The 3-D figures
suggest that the asymmetry of the orifices
with respect to the main flow direction
promotes the development of one vortex of
the pair, and suppresses the other.

Further insight into the mixing in this
case 1s provided by the isotherm contours
in Fig. 3a) for circular holes, and in Fig.
3b) for the 45-degree slanted slots. In the
latter case the contours within the jet
region are slanted at approximately 45
degrees compared to those for jets from
circular holes. The influence of the
adjacent image vorticies in this situation
would be to shift the jet centerplanes with
increasing downstream distance, as 1is
observed at X/Ho = .5 and 1 in both Figs.
2d) and 3b). Comparing the contours at
X/Ho=.5 to those at X/Ho=.25 suggests that
the distribution has rotated further as
well as shifted, which would follow if the
upper vortex f{which originated from the
trailing edge of the orifice) were stronger
than the lower one. This also supports the
observation msade previously from the
oblique plotse that the vorticies appear to
be of unequal strength.

In this study a single test was performed
with the conventional circular holes
replaced with squares, to determine the
effect of th = change in Doundary
conditions on the profiles. The square
orifice was chosen to represent the
Iimiting approximation often made in
multi-dimensional numerical modeling due to
limitations on the number of grid nodes
available. Figure 4 compares 3-D oblique
temperature distributions for
equivalent-area square and circular holes
virith S/Ho=1 ana Ho/D=4 at intermediate
momertum flux ratios. The mean temperature
fieid for these configurations is nearly
1dentical at all downstream distances.

A limited number nf tes' s were performed
with 2-dimensional slots in place of the
discrete jets primarily for comparison with
the temperature distributions measured
downstream of closely spaced (J/D=2) holes.
Figures Sa) and éa) show the results

respectively for a wide 2-D slot
Aj/Am=.098) at a low momentum flux ratio,
and a narroer 2-D slot (Aj/Am=.049) at a
high momentum flux ratio. Distributions for
closel y-spaced (5/D=2) cirvculer holes with
equal area and similar momentum flux ratios
are shown in part b) of each figure, and
centerplane profiles for the circular jet
case and the slot profile are show  in part
c).

The similarity in the peretration shown by
these profiles is surprising since the
two-dimensional slot flow completely blocks
the mainstream on the injection side of the
duct, whereas the discrete jet flow is
highly three-dimensional in that the
mainstream vlow is deflected around as well
as over the jets, creating the well known
vortex pair and kidney-shaped mixing
pattern. The increased blo~kage in the
slot—-jet caves resuvlts in lass mixirg, and
the temperature difference ratios in the
wake region of these flows are
significantlv higher than in the wake of
the jets from circular holes.

Experimental profiles for the narrow slot
at an intermediate momentum ¥1lux

ratio” are sim:.lar to those shown

1n Fig. Sa) for the wide slot at a low
nomentum flux ratio, and profiles for the
wide slot at an intermediate mometum flux
ratio” are similar to those shown

in Fig. éa) for the narrow slot ar a high
momentum flux ratin. The corresponding
circular hole cases are sivwilar also, as
would be expected since the values of
C=(S/Ho) (5RT(J)) are similar, but

the similarity of the corresponding 2-D
slot profiles was not e:pectec.

Double Rows of Holes

Figure 7 shows 3-D oblique and isotherm
contour plots at intermediate momentum f1lux
ratios and X/Ho=.5 for jets from a single
row of equally spaced circular orifices and
jets from equivalent-area double rows of
circular orifices. The single row is shown
1n part a)j; two 1n-line rows of jets with
S» /Ho=.S5 and S/Ho=.5, Ho/D = 5.7 1n each
row are shown 1n part b)j two rows of jets
with Sx/Ho=.25 and S/Ho=.5, Ho/D=5.7 in the
lead row and S/Ho=.25, Ho/D=8B in the
trailing row are shown in part c’; and a
staggered double-row with Sx/Ho=.5 and
S/Ho=1, Ho/D=4 1n each row is shown 1n part
d). For the double row configurations
¥/Ho=0 was teken to be midway between the
rows.

The temperature distributions for the
double in-line rows are strikingly similar
to that for the single row, as was also
seen in Ref. 1. The dourle row of disimilar
holes gives a similar distribution also,
showing the dominance of the lead row in
establishing the jet penetration and
first-order profile shape.
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The influence of the leading row on the
temperature field is evident in Fig. 7d)
also, where the distribution from a double
row of staggered jets at an intermediate
momentum flux ratio is shown for comsparison
with the other configurations. The jets
from the leading row clearly penetrate
farther «4«.ross the duct than do those from
the single row, as would be expected due to
the larger spacing (cf. Refs. 2, S5, & 8).
The penetration of the jets in the trailing
row is supressed, presumably by the vortex
field of the lead row. Farther downstream
the temperature fields from the double-row
of staggered jets are similar to thosue from
the single row and the other double row
configurations.

An empirical model for the mean temperature
field downstream of a row of jets .n a
confined crossflow is given in Refs. 3 and
4, which is based on the observaticn that
properly non-dimensionalized vertical
temperature distributions everywhere in th»
flowfield can be expressed as self-similar
Gaussian profiles. This model requires the
empirical correlation of six scaling
parameters in terms of the ! ndependent flow
and geometric variables. An inhteractive
microcomputer program {(Apple DOS 3.3) based
on this model was usad 10 Ref. 5 to study
the effectr of separately varving the
primary flow and geometric variables, and
to identify the relztionships among them
which characterize the aixing.

The model of Refs. 3 and 4 was extended in
Refs. 6 and 7 to include the capability to
model the effects o{ flow area convergence,
non—-isothermal mainstream, and opposed
in—-line and staggered jet injection.
Selected profiles calculated with this
model are compared with the experimental
data in Ref. 9.

As shown in Refs. 4 and 9, empirical
correlation of experimental data can
nrovide a very good predictive capability
within the parameter range o the
generating experiments, but must be usad
with caution outside this range. To
increase its range of applicability, the
emp:rical model of Ref. 7 has been extendad
to nclude the effects of the non—circular
and multiple-row orifice corfigurations
si"0an in the previous figures.

Comparisons of three-dimensional
temperature profiles between the oata and
empirical model calculations for the
45-degree slanted slots and double-rows of
jets are shown in Figs. 8 to 10. The
modifications to the empirical msode! have
resulted in calculated profiles that are in
good agreement with the data, with the
exception that the vortex—-pair rotation
apparent in Fig. 3 for the s anted slots
configuration is not modeled (Fig. B8), and
the effect of the row of smaller

trailing jets in the disimilar double-row
configuration is more evident in the data
than in the empirical profiles (Fig. 10).

The empirical profiles shown were ocbtained
by modeling the centerplane shift for the
sianted slots as a function of momentus
1lux ratio and distarnce, and by
superimsposing separate calculations for tihe
two rows in double row configurations.
Further details of the extended mode) are
given in Ref. 10.

Summary of Results

From analyses of the experimental datz and
empirical proviles tor one-side injection
through nor.—circular and double rows of
orifices, it was concluded that:

1) For orifices that are symmetric with
respect to the main flow direction, the
ef{fects of shape are significant only in
the region close to the injection plane
(Y/Ho<1). Farther downstream the
temperature distributions are similar to
those from equally-spaced, equivalent-area
circular orifices.

2) The penetration and mixing of 45-degree

slanted slots are less than for streamlined
or bluff slots or equivalent—-area circular

holes.

3) Jet penetration for 2-dimensional slots
is similar to the centerplane value for
closely-spaced (S/D=2), equivalent-area
holes, but the temperature difference
ratios, particularly in the wake region,
indicate that the mixing is slower in the
2-D slot cases.

4) At the same momentum flux ratio, and
with the same S/Ho in (at least) the lead
row, double rows of jets have temperalure
distributions similar to those from a
single row of equally-sprced,
equivalent—area circular orifices.

S) The temperature field for A5-degree
slanted slots and axially staged rows of
jets can be obtainad respectively, with
first-order accuracy, by shifting the jet
centerplanes and by suoerimposing the
tumperature distributions due to each
indivi‘’ual row of jets.
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Table 1. Flow #nd Geometry Conditions
Figure Configurition S/Ho Ho/D Aj/Am Cd DR J B~ c*
2a,3a,7a A: round holes - | 4. .10 .76 2.2 26.2 .36 2.56
25 B: streamlined slots .5 4. .10 71 2.2 26.5 .34 2.57
2c C: bluff slots = 4. .10 .90 2.2 26.6 .40 2.58
2d,3d4,8 D: slanted slots - 4. .10 .66 2.2 271 o33 2.60
4a E: round holes 1.0 4. .05 .67 2.2 23.3 .19 4.85
4b F: square holes 1.0 4. .05 .67 2.1 24.2 .19 4.92
Sa G: wide 2-D slot — Q.92 10 .76 2.1 6.7 22 ==
Sb A: round holes - ] 4. .10 .67 2.1 5.0 <18 1.19
ba H: narrow 2-D slot - 19.8°* ,05 o T2 2.3 105.4 33 =i
6b 1: round holes R 8. .05 .61 2.3 92.6 .30 2.60
7b,9 J: double row = S.7 .05 .65 2.2 26.3 33 2.96
in-line v Se7 .05 .65 2.2 26.9 2.39
7c 410 K: double row ] L. i { .05 .69 2.2 26.8 8 2.99
disimilar .25 8. .05 .70 2.2 26.6 1.29
7d L: double row 1.0 4. .05 .65 2.2 26.8 33 9S.18
staggered 1.0 4. .05 .68 2.2 26.7 S.18
ErErETEr IO ARSEEEEEZSESEDEDN mER = CHEEEESEREEIEELD . NI
* TB=w,/m
= C=(S/Ho) (51’1 (J))
** Ho/W
S
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{b) Streamlined slots, J = 26,5.

THETA

(d) 45-deg slots, J = 27.1.

Figure 2. - Comparison of 3-D oblique temperature distributions for circular holes, and
equivalent-area streamlined, bluff, and slanted slots at intermediate momentum flux-
ratios; S’HU =05, Ho’D =4
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(b) 45-deg slots, J = 21.1.

Figure 3. - Comparisons of isotherm contours for circular holes and 45-deg slanted slots at inter-

mediate momentum flux ratios; SIHg = 5.5, Hg/D = 4

(b} Round holes, J = 26.7.

Figure 4. - Comparison of temperature distributions downstream of square and round
holes: S’Ho =0.1, Hom =4
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(b) Hoies; SIHg= 0.2, HOID =4 )51
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THETA
(c) Centerplane profiles.

Figure 5. - Comparison of temperature distributions for a wide 2-D slot and closely-spaced
holes at low momentum flux ratios,
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(c) Centerplane profiles.

Figure 6. - Comparison of temperature distributions for a narrow 2-D slot and closely-
spaced holes at high momentum tlux ratios.
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(b Doubie row of in-line holes; kow 1: SIHq = 0.5, Ho/D =
5.7, J=26.3. Row 2: SIHO- 0.5 HCID =2.7, J=25.9.

0 1 0 ' !
(ci Double row of disimilar holes; Row | : SIHO = 0.5, HOID =
5.7, 1= 26.6 Row?2. SIHy=0.25, Hy/D = 8, J - 26.6.

(d) Double row Jf staggerec holes; Row 1: S/H = 1, HOID -
4,)-26.8 Row2: SIHp= 1, Ho/D = 4, J = 26.8

Figure 7. - Comparison of wemperature distributions for
douole and single tows of jets at x/Ho=0.5 and inter-
mediate momentum flux ratios, Aj/Am =, 098,



(b) Empirical model.

Figure 8. - Comparison of measured ind calculated 3-D _Slique temperature distributions for 45-dey slanted slots at
an intermediate momentum flux ratio; J = 27.1, SIHO =05, HO’D =4,
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