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Abstract

The primary objectives of this study were (1) to demonstrate that contour plots could be
made using the data interface in the NASA Glenn jet-in-crossflow (JIC) spreadsheet, and (2) to
investigate the suitability of using superposition for the case of opposed rows of jets with their
centerlines in-line. The current report is similar to NASA/TM—2005-213137 but the “basic”
effects of a confined JIC that are shown in profile plots there are shown as contour plots in this
report, and profile plots for opposed rows of aligned jets are presented here using both symmetry
and superposition models. Several important sections in NASA/TM—2005-213137 are not
repeated in this report including (a) a listing of the correlation equations in the NASA empirical
model, (b) a discussion of spreadsheet specifics (a.k.a., a user’s manual), (c) several cases of
confined JIC’s that are typical of combustors for gas turbine engines, and (d) a suggested
combustor design procedure. Although superposition was found to be suitable for most cases
of opposed rows of jets with jet centerlines in-line, the calculation procedure in the JIC
spreadsheet was not changed and it still uses the symmetry method for this case, as did all
previous publications of the NASA empirical model. The Microsoft Excel (Microsoft
Corporation) spreadsheet is included on the CD-ROM as a separate document and can also be
accessed on the NASA Glenn Technical Reports Server at http://gltrs.grc.nasa.gov as TM-2006-
214226-SUPPL.xls. This spreadsheet supercedes the one previously posted in NASA/TM—
2005-213137.

Nomenclature
Aj/Am jet-to-mainstream area ratio = (w/4)/((S/H)(H/d)?) = (n/4)/((S/d)(H/d))
C (S/H)N (J)); same as equation (5)
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Srd

S/H

orifice discharge coefficient = (effective area)/(physical area)

diameter of a round hole, or diameter of an equivalent-area round hole if a non-
circular orifice is specified

effective diameter = (d)(V (Cy))

jet-to-mainstream density ratio, o/pu

(for an incompressible flow, and for gases of the same chemical composition, this
ratio is approximately equal to the mainstream-to-jet temperature ratio, 7/7)
duct height at center of row of holes (called Hy in several previous publications)
ratio of duct height to orifice diameter

effective duct height (= H except in the symmetry model for opposed rows of
inline jets); see equation (3)

jet-to-mainstream momentum-flux ratio, (p,V,°)/(psmUsi’)

= (DR)(R)’ = (MR)*/DR/(C2)*/(A)/An)’

jet mass flow

mainstream mass flow

total mass flow, m, + my,

jet-to-mainstream mass-flow ratio, MR

= (pJ/pM)(VJ/UM)(Cd)(AJ/AM)) = (I’)’lj/mr)/(] - mJ/mT)

jet-to-total mass-flow ratio = MR/(1 + MR)

jet-to-mainstream mass-flux ratio, (p;V;)/(psUny); see reference 1.

= (DR)(R) =JJ*DR)

jet-to-mainstream mass-flow ratio, m /my,

= (M)(Cy)(A/An)
jet-to-mainstream velocity ratio, /U, ; see reference 1.

=JJ/DR

lateral spacing between equivalent locations of adjacent orifices (e.g., between
orifice centerplanes)

ratio of orifice spacing to orifice diameter
= (S/H)(H/d)

ratio of orifice spacing to duct height
local scalar variable

jet exit scalar variable

unmixed mainstream scalar variable

axial velocity

unmixed mainstream velocity

jet exit velocity

jet half-value width on injection side of vertical distribution;
i.e., for y/H < y./H, see figure 2 (note that y = 0 is at the top wall)

jet half-value width on opposite side of vertical distribution;

i.e., for y/H > y./H , see figure 2 (note that y = 0 is at the top wall)
downstream coordinate; x = 0 at center of the first row of orifices
cross-stream coordinate; y = 0 at wall

scalar trajectory, location of maximum scalar difference ratio, 0,
lateral coordinate; z = 0 at centerplane
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0 dimensionless scalar, (Ty— T)/(Ty — T)); same as equation (2)

G: maximum scalar difference ratio, defines location of scalar trajectory, y./H
OB equilibrium 0 (called TB in ref. 16) ~ my/mr = MR/(I + MR)
Brin minimum scalar difference ratio on injection side of vertical distribution;

(i.e., for y/H<y./H) in figure 2
minimum scalar difference ratio on opposite side of vertical distribution;
(i.e., for y/H>y./H) in figure 2

Introduction

Jets in crossflow (JIC) have been extensively investigated in the literature. The large amount
of previous research has provided a fairly complete description of the JIC. References to many of
the studies in this field that were published prior to the summaries in references 1 to 5 can be
found in their citations

The studies of multiple jets that are summarized in reference 1 were motivated by mixing of
dilution jets in conventional gas turbine combustors; and the studies summarized in references 2
and 3 focused on optimizing the mixing section in the Rich burn/Quick mix/Lean burn (RQL)
combustor scheme proposed for low emissions combustors for gas turbine engines. Electronic
copies of most of the JIC reports and related papers that were done or funded by NASA Glenn
and that were published after 1970 are posted for public availability on http://gltrs.grc.nasa.gov.

Many of the studies summarized in reference 4 were motivated by aerodynamics associated
with vertical/short takeoff and landing (V/STOL) aircraft. The summary in reference 5 focused
on the calculation methods that have been used previously for JIC flow fields, and the results
thereof.

Although previous JIC studies have yielded insight into typical flow field characteristics,
results from them may not satisfy the specific needs of diverse applications. The information
obtained in any investigation is dependent on the needs of the motivating application, and this
may determine such important flow field parameters as the region of interest, specifics of the
orifice configuration and confinement, and the jet-to-mainstream momentum-flux and mass-flow
ratios.

Most JIC research prior to 1970 focused on unconfined single jets and empirical measures of
the jet trajectory, centerline decay, and shape. Although the single jet is an important component
in gas turbine combustors, flows in combustion chambers are confined and interaction between
jets is critical to their performance.

In the combustor dilution zone, for which the results in references 6 to 30 were from tests of,
or are based on, simplified combustor mixer geometries, rapid mixing of the diluent air with the
primary air stream is desired to provide a suitable temperature pattern at the turbine inlet, quench
any continuing chemical reactions, and reduce combustor length.

This application was the motivation for the original development of empirical JIC models for
confined flows. The experimental results from reference 7 were excerpted in references 8 and 9.
From the data in reference 7, empirical models were published in references 11, 12, 14, and 16
for predicting “basic” features of the scalar field downstream of a single row of jets mixing with
a confined crossflow in a rectangular duct. A journal publication is given in reference 14
showing results from the studies reported in references 7 and 11 which were funded by NASA at
the Aerojet Liquid Rocket Company.
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The NASA empirical model was subsequently extended to include variations typically found
in gas turbine combustors; for example, double and/or opposed rows of jets with or without flow
area convergence and/or a non-uniform mainstream scalar distribution. The experimental and
empirical modeling results for this work are given in references 15 and 18 to 20 and the
empirical model that resulted was used in reference 21 to demonstrate flow and geometric
effects. CFD calculations for many of the cases in reference 14 are given in chapter 9 of
reference 22. Experimental data and empirical and numerical model results are given in
references 1, 23, and 24.

The mainstream duct in references 11, 12, 14, 16, and 21 has a rectangular cross section and
is straight. It is neither annular or a can, nor does it curve in the flow direction as in reverse-flow
combustors. By invoking assumptions, results from rectangular ducts can be applied to flow in
annular and cylindrical ducts; see references 1 and 25. CFD calculations of the effects of
curvature and convergence are given in references 26 and 27, and those with the extended
empirical model are given in references 28 and 29. Journal publications from the work at the
Garrett Turbine Engine Company (now Honeywell Engines) are given in references 1, 17, and 23
to 25.

Note that most parameters are defined the same in the current report as they were in the
original studies. However, the definition and names of some parameters have changed (e.g., the
momentum-flux ratio was incorrectly called the momentum ratio in early publications, and the
definition of L&W for non-circular orifices is different in this report, reference 30, and most of
the reports in the 1990s than it was previously) so the reader should be aware that definitions
may not be the same.

The spreadsheet included with this report, and the one published with reference 30, are
functionally equivalent to the BASIC program used in reference 21. The NASA JIC empirical
model assumes the flows of interest will be confined and cannot be used for unconfined jet flows
because the relations used therein for orifice size and spacing do not extrapolate properly as jet
spacing and/or the distance to the opposite wall become large (e.g., the single unconfined JIC).

Several of the techniques suggested for modifying steady confined JICs do an excellent job
of decreasing jet penetration, but combustor designers are usually looking for something that
will increase penetration. So far nothing has been identified for a steady JIC that penetrates
significantly farther or faster than a single, round, unbounded jet. Thus, this should be considered
as the upper limit for the penetration of an array of confined JICs.

Also, the correlations in most empirical models are a “set,” so extracting individual equations
and using them “out of context” is tenuous. Although empirical models had been available for
several years prior to publication of reference 16, the utility of using them to provide a view of
the expected mean flow field wasn’t really apparent until they were used to demonstrate
expected flow and geometric effects.

The purpose of the spreadsheet is to provide an engineering tool to reduce development time
and cost by allowing the researcher to quickly investigate the effects of varying flow and/or
geometric parameters. There are discussions of spreadsheet specifics, several additional cases of
jet mixing in a confined crossflow, a suggested design procedure, and a listing of the correlation
equations in the NASA empirical model that are in reference 30 but are not repeated in this
report. Thus, it is necessary to peruse the technical report that was published previously.

The spreadsheet does not output contour plots directly, but it does include an interface that
can be used for that purpose. An objective of this study was to demonstrate this feature. The
contour plots that are shown in figures 4 to 14 in this report were plotted with Tecplot (ref. 31)
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from data calculated with the spreadsheet, and are for the cases shown in the profile plots in
figures 4 to 14 in reference 30.

Another objective of this work was to investigate the appropriateness of using superposition
for opposed rows of jets with their centerlines aligned (see sections on the symmetry and
superposition models in the next section of this report) as using superposition would avoid the
necessity of changing methods for this case. The calculation procedure in the JIC spreadsheet
was not changed, and it uses symmetry as the default method for this case, as did all previous
publications of the NASA empirical model. Although the changes and corrections that were
made to the spreadsheet affect only the cases with non-circular orifices and cases of opposed
rows of jets with their centerlines in-line, it is suggested that the spreadsheet that is on the current
CD-ROM and posted with this report at http://gltrs.grc.nasa.gov/reports/2006/TM-2006-
214226/TM-2006-214226-SUPPL1.xls should be used in lieu of the one previously posted with
NASA/TM—2005-213137 (TM-2005-213137-SUPPL1.xls).

Flow Field Model

Figure 1 is a schematic of the basic flow field for jets in a confined crossflow from which the
empirical models were generated. The jets are shown entering the mainstream flow through
orifices in the top duct wall. The primary independent geometric variables are the lateral spacing
between similar locations of adjacent orifices S, the duct height H, and the orifice size d. These
are often expressed in dimensionless form as the ratio of the orifice spacing to orifice diameter
S/d and the ratio of the duct height to orifice diameter H/d.

The ratio of these, S/H, was found to be a very important variable for confined JICs, and the
orifice size (inversely proportional to H/d) is also an important variable. Thus S/H and H/d were
chosen as independent variables, and S/d (=(S/H)(H/d)) is calculated

Downstream distances are specified in this report, and in reference 30 and previous
publications, in terms of x/H. The use of x/H is appropriate for combustor design because the
objective in this application is usually to identify orifice configurations to optimize the mixing
within a given length and the downstream locations of interest are usually independent of the
orifice diameter.

In the spreadsheet input for the downstream distance x/H and jet spacing S/H are only
allowed for jets in the top front row. The user must be aware that x/H and S/H for other rows are
dependent on, but may not be identical to, the values input in the top front row.

The ratio of the downstream distance to the orifice diameter x/d is a common dimensionless
parameter, particularly in unconfined or semiconfined flows where H/d is large. Fortunately
calculation of x/d for confined flow is straight-forward, since x/d = (x/H)(H/d).

A major assumption in the empirical model for the scalar field downstream of jets mixing
with a confined crossflow is based on the observation that all non-dimensional vertical scalar
distributions in the flow field can usually be expressed in the following form:

e-e%in exp TN/ Ay [ H i M
ec_emin (Vyiz / H )2
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_ (T -T7)
where 0= (TM _TJ) (2)

Note, le‘rz /H is the half-value width on the injection or opposite side of the trajectory as
appropriate. Also usually:

W / H#Wijp [H and O}y # Omin

Equation (1) was first applied to confined JIC data in references 11 and 12. It gives 6 =
0.+ Gain )2 at |y/H—y/H| = le—rz /H, but does not guarantee that 6 = GEin aty =0 or H. With

the Gaussian form, eﬁﬁn are the asymptotic values—the calculated 6 at 0 and H will deviate

farther from G;—;in as y. 1s closer to 0 or . The calculation should definitely not be accepted if

v > H, and probably should not be accepted if y. < W;,, or y. > H — W, . An equation similar to

equation (1) was applied to data for a single, unconfined JIC ( G;—;in= 0) in references 32 to 34.

As shown in figure 2, 0,, 07:, 0 Wl72 / H, Wy, / H , and y/H are scaling parameters.

Note that y = 0 is at the top wall in figure 2, and that the trajectory y./H defined by the maximum
scalar in the profile is not the same as the trajectory defined by the maximum velocity.

A physically realistic 6 should be neither <0 nor >1. Unmixed jet fluid is usually 6 = 1 and
unmixed mainstream fluid is © = 0. (However, 6 = 1 has been used to represent unmixed
mainstream fluid so the reader should be observant). Although 6 was originally formulated from
temperature data, 0 is dimensionless, and applies to any conserved scalar (no sources or sinks).
For example, species concentration was often used in the studies summarized in references 2 and
3. Note too that although temperature is a conserved scalar in a non-reacting and incompressible
flow, it is not a conserved scalar in a reacting or compressible non-reacting flow.

Correlation equations were developed for each of the scaling parameters and are given in
appendix C of reference 30. For all calculations, the dimensionless flow and geometric variables
that must be specified are the jet-to-mainstream density ratio DR, jet-to-mainstream momentum-
flux ratio J, jet discharge coefficient C,, orifice spacing-to-duct-height ratio S/H, duct height-to-
orifice diameter ratio H/d, and the downstream distance x/H. If there is a non-uniform
mainstream scalar distribution and/or flow area convergence, parameters for them must be
specified too.

The correlation equations in reference 30 are written in terms of /., , rather than /. For most
cases H., = H, since H.,/H is only # 1 if the symmetry model is used for opposed rows of jets
with their centerlines in-line. The correlations used in the spreadsheet are the same as those
included in reference 1. (Any differences are due to elimination of curvature effects,
clarification, changes in nomenclature, or correction of errors.) These correlations are also the
same as those in NASA TM 104412 which preceded the journal publication in reference 1.

Three-dimensional oblique plots (herein called profile plots) are the native display in the
spreadsheet. The dependent variable 0 is shown on the horizontal axis in the profile plots. The
vertical and oblique axes are the y and z directions, which are respectively normal to and along
the orifice row in an axial (constant-x) plane. There are 101 data points in each profile so Ay/H =
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0.01. The z-distance shown in the plots is usually twice the orifice spacing for each configuration
(4S is an option). There are 21 profiles in this span; thus Az/S' = 0.1 for 25 or Az/S = 0.2 for 4S.
Only six independent jet profiles are calculated. The others are generated by assuming symmetry
about both centerplanes and midplanes. Twenty-one profiles are necessary because a non-
uniform scalar distribution may be specified which does not assume symmetry in the span
displayed.

A sheet in the JIC spreadsheet is labeled “3D” and is simply an array of the data that are
plotted in the profile plots. The 3D sheet has three columns: column A is the 0 distribution;
column B shows z/S; column C shows y/H. This parameter (y/H) increases by 0.01 from 0 to 1
over every 101 rows. After 101 rows, z/S increases by 0.1, until reaching 2.0 (21 times). Note
that @ = 0 in column A unless at least one row of jets is active or a non-uniform scalar
distribution is specified.

Figure 3 shows a schematic of the several round-hole configurations for which calculations
are shown in this report. The orifice configurations are in order of their round hole size
(descending H/d first, then ascending S/H if H/d is the same). Only one identifying letter is used
for configurations that differ only by a lateral shift. The configurations shown in figure 3 are
often cited in the text and in figures 4 to 24 herein. The orifice configurations are the same as in
reference 30 (except that the non-circular orifices there are not included).

The independent and dependent variables are identified in table 1. Not all combinations of
the independent variables were tested. Note that the orifice spacing S was never greater that the
duct height H in any of the previous confined JIC studies, and it is unlikely that a JIC would
spread laterally farther than its penetration so S/H should not be greater than 1. The conditions
for the cases shown in this report are given in table 2.

Although calculations can be performed for many flow and geometric conditions of interest
that are not within the range of the experiments on which the empirical model is based, results
will be more reliable for interpolation than extrapolation. The spreadsheet checks to determine if
the inputs specified are within the range of the experiments and warns the user (but does not stop
the calculation) if extrapolation is being specified. The specifics and operation of the spreadsheet
(a.k.a. a user’s manual), the correlations in the NASA empirical model, and the “closest”
experimental data are given in reference 30.

Symmetry Model

It was observed in reference 10 that the flow field downstream of opposed jets was similar to
that downstream of a single jet injected toward an opposite wall. This was later also apparent in
the experimental results in reference 18. The empirical model thus calculates profiles for
opposed rows of jets with their centerlines in-line by assuming that the confining effect of
opposed jets was the same as that of a wall between them.

The concept of an “equivalent” duct height was utilized in reference 13 and later in
reference 35 to allow empirical correlations from single-side injection data to be applied to
opposed jet injection. Opposed rows of jets with centerlines in-line were thus modeled by
calculating the effective duct height /7., as proposed in reference 35, namely:
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[, =) [(AJ/AM )(ﬁ)] .
B (O X A e

3)

and
[Heq ]bottom =4 - [Heq LOP

Since (4 J/AM)*(\/(J)) ~ MR equation (3) is usually a mass-flow balance. Since this equation
includes the area, it is a —flow ratio rather than a —flux ratio Alternative definitions were
investigated in reference 36. The one that used S/H and \(J) agreed best with the experimental
data. Equation (3) reduces appropriately for (1) the case with equal J’s and H/d’s on opposite
sides, and (2) the case with different J’s but equal H/d’s on opposite sides, but not (3) the case
with different H/d’s but equal J’s on opposite sides.

For the case (1) of equal J°s and H/d’s on opposite sides (fig. 19 in ref. 30), Ji,p = Jrorom and
equation (3) gives H,, = H/2. Results for case (2) are correct too as equation (3) gives
He,= AN(J)) since the orifice configuration is the same on both sides. Results for single-side and
opposed jet injection at x/H = 0.5 for case (2) with H/d=8 are shown for both experimental data
and the empirical model in reference 37. The experimental data for case (3) also shows that
H,,= f(N(J); but equation (3) gives Ho, = A Aw).

If H,,/H < 1 the result is that profiles are calculated for a different duct height (#,,) than the
physical one (H) while all other parameters remain the same. Since the correlations are
dimensionless, and H,, appears in x/H.q, S/H., and H.,/d, all of these are changed by symmetry.

In the profiles the entire y-axis goes from 0 to H, while the top row profile is scaled to fit in
[Heq] op and the opposite row is scaled to fit in /H.y/pouom. Thus, the individual rows of jets are
calculated for, and scaled to, /., instead of H. The spreadsheet calculation is as if a (permeable)
wall is placed between the two jets at H,, and the individual profiles are truncated there. Since
several correlation equations contain H/H.,, the results using the symmetry model may not be
identical to the comparable single-side case.

Superposition Model

The empirical profiles for superposition were obtained by combining independent
calculations of the flow distributions according to the following equation:

0 [0, +6, —2(6,)6,)] )

[1-(6,)X6,)]

For opposed rows of jets with centerlines in-line, 0, is the distribution for the top row and 0,
is the distribution for the bottom row (or vice-versa). If more than two 6's are needed, the result
is used with 63 in equation (4). This resulting formula has three 0's. The same steps are required
twice more to get a function of five 0’s (a JIC spreadsheet maximum: row 1 and row 2. top and
bottom plus a non-uniform mainstream scalar). All five 0’s are always calculated. If any of the
0’s is zero, it will drop out and not affect the final result (as a 6, or 0, of zero will do in eq. (4)).
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Unlike in the symmetry model, superposition profiles are calculated for the actual
dimensionless orifice spacing S/H, size H/d, and downstream location x/H. Thus the contribution
of each side can be observed by deactivating the other side.

Although superposition often gives a good approximation to the experimental data, it should
be realized that it is an approximation, since there may be an interaction between opposite and/or
adjacent jets and cross-stream transport that is not accounted for in superimposing independently
calculated distributions. In this case, superposition can give non-physical results; for example, if
opposing jets approach and pass the same location, the calculated result will be as if they had
penetrated through each other without having any influence.

How to Invoke the Superposition Model

The symmetry model is the default method in the spreadsheet for opposed rows of jets with
their centerlines in-line. Specifying round holes, streamlined slots, or bluff slots in rows 1 or 2,
top and bottom with all orifices aligned [e.g., both sides either )-0-( or -0—0-] uses symmetry,
but only if neither row of opposed jets are slanted slots. To invoke the superposition model, one
must not have the same configurations on both top and bottom active in any row. The “solution”
to get superposition is to activate row 1 top and row 2 bottom (or vice-versa) and to specify
Sx/H = 0. (That is how the data plots for superposition in figs. 15 to 24 were made.) Recall that
x/H and S/H must be specified in row 1 top, even if that row is not active.

Results and Discussion

The conditions for the cases shown in figures 4 to 24 are given in table 2. Independent
variables are also given in the figure titles and subtitles, and important dependent variables are
often included in parentheses. As in reference 30, figures 4 and 8 to 14 show the centerplane at
the edge in the plots [)-0-( in the spreadsheet] and figures 5 to 7 show the midplane at the edge
[-0-0- in the spreadsheet]. Figures 15 to 24 in this report also show the midplane at the edge.

At a user-specified downstream distance x/H there are always 21 z/S profiles, with 101 y/H
data points in each profile. The dependent variable is 6 and is a function of z/S and y/H. The span
of y/H is from 0 to 1 for all profiles, and z/S always includes either two or four orifices, so the
physical z-span increases as S/H increases (see fig. 3 in this report and ref. 30 and fig. 8 in ref. 1).
The plots for single-side injection shown in figures 4 to 14 are all contour plots, and the plots for
opposed rows with jet centerlines in-line that are shown in figures 15 to 24 are all profile plots.

Slideshow

A slideshow has been assembled as an appendix to this report to show basic flow and
geometric variations and those that are typical in combustors for gas turbine engines. All are
shown with profile plots. Those in sequences 4 to 10 of the slideshow show the centerplane at the
edge, as do the corresponding figures in reference 30. (Figures in ref. 21 show the midplane at
the edge.) The profile plots in sequences 1 to 3 and 11 to 21 show the midplane at the edge, as do
the corresponding figures in references 21 and 30, and this document. Reports are primary
references only if the flow and geometry conditions are identical in at least one part of the figure.
Other figures (noted with see also) may be close but might differ by, for example, the orifice
diameter, lateral arrangement, or downstream distance. The slideshow table of contents is given
in the appendix.
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Contour Plots for One Side Injection

The primary objective of this task is not to provide new insight, but to present contour plots
for the same conditions that are in the profile plots in figures 4 to 14 of reference 30. The cases
shown here (and the figure numbers) are the same to facilitate comparisons of profile and
contour plots. A limited comparison of profile and contour plots is shown in references 1 and 27
from numerical results for selected opposed jet configurations.

This task was motivated by pre-publication feedback on the spreadsheet which suggested that
the ability to do contour plots was critical to its use. Although the spreadsheet can calculate
distributions at user-specified downstream locations for other configurations, the distributions
shown in figures 4 to 14 are all for one side injection from a single row of jets.

Data for the contour plots were plotted with Tecplot (ref. 31) from datasets created with the
spreadsheet. The vertical and horizontal axes in the contour plots are the y and z directions,
which are respectively normal to and along the orifice row in an axial (constant-x) plane. The
z-distance shown in the plots is twice the orifice spacing for each configuration.

All contour plots in this report use the same 0 <0 <1 color bar with 6 = 0 = (blue) and
0 =1 = (red). Color maps for contour plots are highly subjective. It was the authors’
predisposition for blue jets and a red mainstream as used in most of the NASA JIC studies in the
1990s. Perhaps our preference for the color distribution used in most of the contour plots in this
report is in part because the equilibrium 0 g5 value here is 0 < 05 < 0.5 and in the RQL mixers it
was 0.5 < 0gp< 1. (The jet-to-mainstream mass-flow ratio MR was significantly higher in the
RQL mixers.)

Figures 4 to 14 show example variations in 6 contour plots as a function of the several flow
and geometric variables. Typical contour plots for an optimum mixing configuration are shown
in figure 4 for J = 26.4 and configuration F: S/H = 0.5, H/d = 5.66 as given in table 2 (the orifice
configuration is shown in fig. 3).

View Options

Plane of symmetry.—Different features may be apparent depending on whether the
centerplane or midplane is at the edge in the distribution. As an example, compare the
distribution in figure 5, where the midplane is at the edge for J = 26.4 and configuration F:
S/H = 0.5, H/d = 5.66, with the distributions in figure 4, where the centerplane is at the edge.

0 definition.—The flow also can appear quite different depending on the definition used for
0. Distributions may be shown as either ‘cold’ [0 = (Ty— T)/(Ts— T)], as in figure 5, or as ‘hot’
[0 = (T—Ty)/Twu— T))], as in figure 6. In the ‘cold’ distribution, the numerator is the difference
between the local and the undisturbed mainstream, and unmixed jet flow is 6 = 1 in the
distribution. However, for the ‘hot’ 0 distribution (i.e., 1 — 6.014), the numerator is the local
difference from the jets, and unmixed jet fluid is 6 = 0. Both figures 5 and 6 are for J = 26.4 and
configuration F: S/H = 0.5, H/d = 5.66. The switch in colors in figure 6 results from the
specification of ‘hot’ 0 distributions as 8 = 1 = (red) and 6 = 0 = (blue) in all the contour plots.

Injection location.—Distributions for bottom wall injection of the jets can be created as

shown in figure 7. The contour plots shown in figure 7 provide an additional view of
0 distributions for J = 26.4 and configuration F: S/H = 0.5, H/d = 5.66. This figure shows the
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midplane at the edge as do figures 5 and 6. Note that although the top front row is inactive in this
case, the downstream distance and orifice spacing must be specified there and that the capability
to do injection from both top and bottom walls is needed for the opposed jet cases in figures 15
to 24 in this report and in figures 19(a) and (b) in reference 30.

“Basic” Flow and Geometry Effects for a Confined JIC

Downstream distance (x/H).—Figure 8 shows that the mixing improves with increasing x/H.
Variation in scalar distributions with downstream distance are shown for J = 26.4; the
downstream locations are x/H = 0.25, 0.5, 1.0, and 2.0, with the centerplane at the vertical edge
in the contour plots (as in fig. 4). In figure 8(a) orifice configuration C is used (S/H = 0.25,

H/d = 8), with J=26.4; and in figure 8(b) configuration I (S/H = 1, H/d = 4) is used, also with
J=26.4. In figure 8, the momentum-flux ratio J and the ratio of total orifice area to mainstream
cross sectional area (4,/Ay) are equal. Because J and A4,/4,, are the same, the jet to mainstream
mass-flow ratio MR is constant too. Thus, the range of distributions from under-penetration in
figure 8(a) to over-penetration in figure 8(b) results entirely from variation in orifice spacing.

Mixing improves with increasing downstream distance whatever the configuration. If the
objective is a uniform scalar distribution in a minimum x/H, an optimum mixer is usually best.
Distributions for the optimum orifice size and spacing for this flow condition are shown in
figure 4 (configuration F in fig. 3, S/H = 0.5, H/d = 5.66).

Momentum-flux ratio (J).—The momentum-flux ratio J is the most significant flux variable.
Figure 9 shows the increase in jet penetration that is expected with increasing J (from 6.6 to
105.6) for orifice configuration F: S/H = 0.5 and H/d = 5.66. These distributions are at a
downstream distance equal to one-half of the duct height (x/H = 0.5). As the downstream
distance is arbitrary, the same trends would be apparent for different x/H values. Note that the
jets are under-penetrating in part (a), and over-penetrating in part (c). Since the orifice size and
spacing are constant in figure 9, the jet-to-mainstream mass-flow ratio MR increases with
increasing momentum-flux ratio J.

Density ratio (DR)—Analyses of the experimental data in reference 7 suggested that for
flows with a constant J, the effect of varying the density ratio DR was minor when J was
constant. The range of the DR variation was expanded and the effects were shown in reference 1
and other papers, too. The similarity of the distributions when DR is varied at constant J is in

contrast to the (1) increased penetration with increasing DR at constant R =./J/DR , and

(2) decreased penetration with increasing DR at constant M =+/J*DR that are shown in
figures 17 and 18 in reference 1. (If DR = 1; N(J) = M =R.)

The minor effect of varying the density ratio at constant J can be seen in figure 10. In the
figure, the density ratio varies from 0.5 (less dense jets) to 1 (equal density) to 2 (more dense
jets) at a downstream distance of x/H = 0.5. J = 26.4 in figure 10 and the orifice geometry is
configuration F: S/H = 0.5 and H/d = 5.66 which was also used in figures 4 to 7. Note that the
magnitude of 0 increases slightly because the jet-to-mainstream mass-flow ratio increases as the
density ratio increases. Other that this, there is not much difference between hot-jets-in-a-cold-
mainstream and cold-jets-in-a-hot-mainstream at a constant momentum-flux ratio.
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Orifice spacing (S/H).—Figure 11 shows the effect on the distribution of decreasing the
lateral spacing between orifices with J = 26.4 for configurations E (S/H = 1.0), D (S/H =0.5),
and C (S/H = 0.25) at a downstream distance equal to one-half of the duct height. (x/H = 0.5).
The jet penetration decreases as orifice spacing S/H decreases. (The maximum penetration for a
given J will occur for an unconfined JIC.) Note that the lateral uniformity of the distribution also
increases as the orifice spacing decreases. Both this and the decreased penetration probably occur
because adjacent jets are closer as S/H decreases. The jet-to-mainstream mass-flow ratio
increases as the spacing decreases, since the orifice size is constant (H/d = 8 in all cases).

Orifice size at constant S/d—Figure 12 shows the increased jet penetration, and decreased
lateral uniformity that result from increasing the orifice size d with the orifice spacing-to-
diameter ratio S/d held constant for J = 26.4 at x/H = 0.5. As orifice size increases (H/d
decreases), the orifice spacing S/H must increase to maintain a constant S/d since
S/d = (S/H)*(H/d). In figure 12(a), S/H = 0.125 and H/d = 16 (configuration A); in figure 12(b),
S/H = 0.25 and H/d = 8 (configuration C); and figure 12(c), S/H = 0.5 and H/d = 4
(configuration F). Note that since these distributions are at a constant downstream distance
(x/H = 0.5), x/d varies in proportion to H/d [x/d = (x/H)(H/d)], so x/d = 8 in figure 12(a), x/d = 4
in figure 12(b), and x/d = 2 in figure 12(c). Jet penetration increases as orifice size increases (S/H
increases and H/d decreases) at constant S/d. The reader should also note that the lateral
uniformity decreases as the size of the hole becomes larger.

Orifice size at constant S/H.—In contrast to the variations seen in figure 12 for S/d = 2, the
jet penetration in figure 13 for S/H = 0.5 remains very similar when the orifice diameter d
increases (H/d decreases) at a constant S/H. The distributions in figures 13(a) and (b) are at
downstream distances equal to one-half and two duct heights respectively. The orifice diameter
doubles as H/d is varied from 8 to 4, resulting in a four-fold increase in the jet-to-mainstream
mass-flow ratio MR. The result is that the distributions shift to higher 0 values, consistent with
the larger jet mass flow, but the jet penetration and shape of the distributions remain similar. The
obvious conclusion from figure 13 is that varying the orifice size has a secondary effect, and
orifice size can be chosen to satisfy other considerations (e.g., the mass-flow ratio) provided S/H
is constant. Note that since S/d = (S/H)(H/d) and x/d = (x/H)(H/d), both S/d and x/d decrease as
H/d decreases.

Coupled orifice spacing (S/H) and momentum-flux ratio (J).—Analysis of the experimental
data in references 7 and 15 suggested a coupling between the momentum-flux ratio J and the
orifice spacing S/H, and led to the conclusion that for a given momentum-flux ratio there exists
an orifice spacing for which the most efficient mixing occurs, independent of orifice size.
Conversely, for a given orifice spacing S/H there is a J for which the most efficient mixing
occurs. This relationship can be stated as

C=(S/HNJ (5)

The contour plots shown in figure 14 represent optimum mixing conditions (C = 2.57) for a
single row of jets, and show the inverse relationship between the orifice spacing S/H and the
momentum-flux ratio J when they are related according to equation (5). For J= 6.6, S/H =1
(e.g., configuration I); for J = 26.4, S/H = 0.5 (e.g., configuration F); and for J = 105.6,

NASA/TM—2006-214226 12



S/H = 0.25 (e.g., configuration B). The contour plots in figures 14(a) and (b) are at downstream
distances equal to one-half and two duct heights respectively. Here, the mass-flow ratio MR is
constant, as the orifice size was decreased for increased J. Clearly, similar penetration is
obtained over a range of momentum-flux ratios if J and S/H are coupled, but note also that the
flow is laterally less uniform for smaller momentum-flux ratios.

The NASA Design Procedure given in reference 30 and previous publications is based on
equation (5) and assigns priority to specifying the orifice spacing S/H for a given J. Equation (5)
has been found to be useful in characterizing the mixing. For one-sided injection, optimum
penetration is expected when C is ~2.5; under-penetration is expected if C is approximately half
of the optimum value; and over-penetration is expected when C is approximately double the
optimum value. Note that this procedure, which emphasizes orifice spacing, is different from the
Cranfield Design Method which emphasizes the size of individual orifices. Both of these
methods are described in reference 38.

As can be see from equation (5), and inferred from perusing figures 9 and 11, there is usually
a trade-off between momentum-flux ratio J and orifice spacing S/H, Note that, for example,
figures 9(a) and 11(c) and 9(c) and 11(a) have very similar penetration and equal C values
(C=1.28 and 5.14, respectively), but there are have significant differences in lateral uniformity.

It is evident that flows with smaller momentum-flux ratios need a larger spacing S/H and a
greater downstream distance to achieve equivalent mixing. Increasing J will usually promote
better optimum mixing, but often at the “cost” of a higher pressure loss. The reader should note
that the optimum mixer at a given J may appear to give worse mixing than a non-optimum mixer
at a higher momentum-flux ratio. Thus one should always examine the anticipated distributions
and not base a configuration selection solely on a “mixing parameter.”

Symmetry and Superposition for Opposed Jets

The profile plots in figures 15 to 24 show 0 <0 <1 with 8 =1 for unmixed jets and 6 = 0 for
an unmixed mainstream, and with the midplane at the edge in the plots [-0-0- in the spreadsheet].
Although the spreadsheet can calculate distributions for other configurations, the distributions in
figures 15 to 24 are all for opposed rows of jets with centerlines in-line.

Optimum Round Hole Configurations

Profiles calculated with the symmetry and superposition models for opposed jets with an
orifice spacing, S/H, of 0.5 and with a momentum-flux ratio, J, of 6.6 are shown in figure 15 for
orifice configuration D: S/H = 0.5, H/d = 8 (fig. 15(a)), configuration F: S/H = 0.5, H/d = 5.66
(fig. 15(b)), and configuration H: S/H = 0.5, H/d = 4 (fig. 15(¢)). Profiles for opposed jets with
an orifice spacing, S/H, of 0.25 and with a momentum-flux ratio, J, of 26.4 are shown in
figure 16 for orifice configuration B: S/H = 0.25, H/d =11.32 (fig. 16(a)) and configuration C:
S/H = 0.25, H/d = 8 (fig. 16(b)); and profiles for opposed jets with an orifice spacing, S/H, of
0.125 and with a momentum-flux ratio, J, of 105.6 are shown in figure 17 for orifice
configuration A: S/H = 0.125, H/d =16. Calculations made using the symmetry model are in the
left columns of figures 15 to 17, whereas calculations made with the superposition model are in
the right columns. Figures 15 to 17 show downstream distances of x/H = 0.25, 0.5, and 1.0 for
optimum mixing conditions (C = 1.28). There is very little difference between results from the
superposition and symmetry models.
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Under-penetration

Figures 18 and 19 show calculations using both symmetry and superposition models for
under-penetrating opposed jets at downstream distances of x/H = 0.25, 0.5, and 1.0. Profiles with
an orifice spacing, S/H, of 0.25 and with a momentum-flux ratio, J, of 6.6 are shown in figure 18
for configuration B: S/H = 0.25, H/d = 11.32 (fig. 18(a)) and configuration C: S/H = 0.25,

Hyd = 8 (fig. 18(b)). Profiles for opposed jets with an orifice spacing, S/H, of 0.125 and with a
momentum-flux ratio, J, of 26.4 are shown in figure 19 for configuration A: S/H = 0.125,

H/d =16. C = 0.64 for all cases and the jets under-penetrate in all cases as expected. Again, there
is very little difference between profiles calculated with the symmetry and superposition models.

Over-penetration

These configurations (C = 2.57) are usually optimum mixers for one-side injection, but they
would be expected to be over-penetrating cases for opposed rows of jets with their centerlines
in-line since H,, is usually = H/2. These cases are, e.g., J = 6.6 and S/H = 1 (configurations E
and I), J=26.4 and S/H = 0.5 (configurations D, F, and H), and J = 105.6 and S/H = 0.25
(configurations B and C). Results from the symmetry and superposition models may be
significantly different for over-penetrating cases. Results for these cases are not shown in this
report as the NASA empirical model is usually not appropriate for modeling over-penetrating
cases. The assumption of Gaussian profiles is often not valid on both sides of the scalar
trajectory (if y. > H,, the opposite side doesn’t exist in symmetry model calculations).

Furthermore, it seems like lot of jet mass flow would be “lost” by symmetry if a significant
part of the profile were truncated. Superposition would not have this mass-flow problem; but
with superposition individual calculations can yield profiles for jets that cross H., without
interacting with any opposite jet and this is not physically realistic.

Different Mass Addition on Opposite Sides

There are two obvious limiting cases where mass addition is different on opposing sides; they
are (1) the orifice size is different on the two sides, but the momentum-flux ratio J and the orifice
spacing S/H are the same; and (2) the momentum-flux ratio J is different on opposite sides, but
the orifice size and spacing (H/d and S/H) are the same. (If S/H is not the same on opposite sides
then the orifice configuration is not opposed rows with jet centerlines in-line.) Experimental data
for both cases 1 and 2 is shown in reference 35.

A non-physical discontinuity will appear in 0 calculations at H,, using the symmetry model
when the 07, values from the top and bottom are not equal. This will only occur if the mass
addition is different on opposite sides (as will most likely be the case if the geometry and/or flow
conditions are different on opposite sides). A partial “fix” is to average the two 0;; as
suggested in reference 13. The centerplane ;. values are averaged in the version of the
empirical model included herein. Averaging the centerplane 0,,;, values does not completely

smooth out the plots as the 07 . is not the physical value of 0 at y = H. Also, off-

centerplane 0 . / 0., = 0):,/6, soeven when the centerplane 0., values are averaged, the
plots will have a discontinuity if the 6, values differ for the two sides. Because of the expected
discontinuity, and because the 0},;, values were not averaged, there is no figure in reference 30,

comparable to figure 16 in reference 21 (which appears to be wrong). No discontinuity will occur
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with superposition. That method can give non-physical results also, and this is most apparent if
Ve > Heq. The results from the empirical model should not be accepted if this is apparent.

Different orifice sizes.—For this case either the opposed-jet configuration or the single-side
configuration can be optimum, but not both. If the opposed-jet configuration is optimum, the jets
in the single-side case will under-penetrate; and if the single-side case is optimum, the jets in the
opposed-row configuration will over-penetrate.

Both symmetry and superposition results at x/H = 0.5 for J = 6.6 and S/H = 0.5 are shown in
figures 20(a) and (b) and profiles for J = 26.4 and S/H = 0.25 are shown in figure 21. The top
row is an optimum configuration for opposed jets with their centerlines in-line and the bottom
row is the configuration for an equal-area, single side (bottom) injection case with the same
orifice spacing. The middle row is an intermediate configuration with the same total area and
spacing. Note that figures 20 and 21 are optimum configurations for opposed jets (C = 1.28).

The single-side optimum orifice spacing for the flow conditions in figures 20 and 21 are
shown in figure 22 (i.e., for J= 6.6 it is S/H = 1; for J = 26.4 the single-side optimum is S/H =
0.5). The appropriate orifice spacing for optimum opposed jets with centerlines in-line is half
that for the corresponding single-side injection case. Since there are twice the number of rows for
opposed jets and also twice as many jets in each row, the orifice diameter for single-side
injection needs to be doubled to get the same total orifice area for single-side configurations as
for opposed rows with centerlines in-line.

The experimental data for the case of opposed rows of jets with H/d different on opposite
sides in reference 36 shows that H,, = FN()); unfortunately equation (3) gives Hey= A 1AM).
Thus superposition gives more realistic results for the case of different orifice sizes on opposite
sides.

Different momentum-flux ratios.—Equation (3) for H,, is correct for this case since the
orifices are the same on top and bottom so H,,= AN (). Results from the empirical model for a
case with different J's on opposite sides of the duct is shown in figure 23 for J;,, = 58.4 and
Jbomom = 6.5 for configurations B: S/H = 0.25, H/d = 11.32 (fig. 23(a)) and C: S/H =0.25, H/d = 8
(fig. 23(b)) at downstream distances of x/H = 0.25, 0.5, and 1. Experimental results for this case
are shown in test 34 in reference 18.

The transition from opposed jets with equal momentum-flux ratios on opposite sides to one
side injection is shown at x/H = 0.5 in figures 24(a) and (b) using the symmetry (fig. 24(a)) and
superposition (fig. 24(b)) models. Note that both the opposed rows and single side cases can be
optimum for equal orifice areas. Empirical model results using the symmetry model and
experimental data for this case are given in reference 37.

For most cases, both the symmetry and superposition models give satisfactory results for
opposed rows of jets with centerlines in-line. There are differences in appearance though, as
superposition profiles have a smooth first derivative, and symmetry profiles often do not. The
similarity of the profiles suggests that if any future revisions are made to the spreadsheet, it may
not be necessary to change to symmetry for this case.
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Conclusions

An interactive computer code, written with a spreadsheet is used which displays three-
dimensional oblique plots of the distributions of a conserved scalar downstream of jets mixing
with a confined crossflow and provides data for other plotting programs.

Contours calculated with data from the JIC spreadsheet, which was published in
NASA/TM—2005-213137, are presented for variations of the “basic” flow and geometry
parameters to show their effects on the mixing. The primary purpose of this section is not to
provide new insight, but to present contour plots for the same conditions that are in the profile
plots in figures 4 to 14 of NASA/TM—2005-213137. The contour plots in figures 4 to 14
demonstrate the suitability of the data array in the spreadsheet for generating them, and, of
course, lead to the same conclusions reached previously from profile plots.

Profiles for opposed rows of jets with their centerlines in-line can be calculated using either
a symmetry or superposition model. Superposition results show that that method is quite
satisfactory for most cases of opposed rows with jet centerlines in-line. As shown in figures 15
to 19, both the symmetry and superposition models give very similar results for under- and
optimum-penetrating cases. However, they can be significantly different for over-penetrating
cases. Actually, the empirical model results are uncertain for over-penetrating cases anyway
(particularly if the scalar trajectory approaches or exceeds the equivalent duct height) as the
assumption of Gaussian profiles may not be appropriate for these cases. For opposed jets cases
with different mass addition on opposite sides the superposition model is superior to the
symmetry model in that results from superposition are in better agreement with experimental
data than are the symmetry results.

The spreadsheet used herein is capable of calculating flow fields which are physically
unrealistic, and/or represent large extrapolations from the test conditions in the data base on
which the model is based. Since one would have more confidence in results obtained for
conditions that are within the range of the generating experiments, extrapolations are flagged in
the spreadsheet with warnings, but they are not stopped. Also, as with previous versions of the
NASA empirical model, symmetry is the default method for opposed jets, but if any future
revisions are made to the spreadsheet, it may not be necessary to change to symmetry for the
case of opposed rows with jet centerlines in-line.
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Appendix A

Profiles for the Mixing of Jets With a Confined Crossflow
in a Rectangular Duct—Slideshow
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Sequence 1

Variations in scalar distributions with
Increasing downstream distance

x/H=0.25, 0.375, 0.5, 0.75, 1, 1.5, 2
DR=2.2, J=26.4. S/H= 0.5, H/d=5.66, C=0.64

(cf. figure 5 in NASA/TM—2005-213137, and
figure 2 in NASA TM-87294); see also
figure 4 in NASA/TM—2005-213137 and
figure 3 in NASA TM-83457)
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Sequence 2

Variations in scalar distributions with
Density ratio at constant velocity ratio

DR=0.45, 0.625, 1, 1.6, 2.2

x/H=0.5, R=7.66, S/H=0.5, H/d=4, C_~=0.64

(cf. figure 7 in NASA TM-87294; see also
figure 10 in NASA/TM—2005-213137 and
figure 6 in NASA TM-83457)
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Sequence 3

Variations in scalar distributions with
Density ratio at constant mass-flux ratio

DR=0.45, 0.625, 1, 1.6, 2.2

x/H=0.5, M=3.45, S/H=0.5, H/d=4, C,=0.64

(cf. figure 7 in NASA TM-87294; see also
figure 10 in NASA/TM—2005-213137 and
figure 6 in NASA TM-83457)
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Sequence 4

Variations in scalar distributions with
Density ratio at constant momentum-flux ratio

DR=0.45, 0.625, 1, 1.6, 2.2

x/H=0.5, J=26.4, S/H=0.5, H/d=4, C=0.64

(cf. figure 7 in NASA TM-87294; see also
figure 10 in NASA/TM—2005-213137 and
figure 6 in NASA TM-83457)
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Sequence 5

Variations in scalar distributions with
Increasing momentum-flux ratio

J=6.6, 8.8, 16, 26.4, 35.2, 64, 105.6
x/H=0.5, DR=2.2, S/H=0.5. H/d=5.66, C_~=0.64
(cf. figure 9 in NASA/TM—2005-213137 and

figure 5 in NASA TM-83457; see also
figure 6 in NASA TM-87294)
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Sequence 6

Variations in scalar distributions with
Orifice spacing and diameter at constant orifice area

S/H=0.25; H/d=8
S/H=0.321; H/d=7.06
S/H=0.433; H/d=6.08
S/H=0.5; H/d=5.66
S/H=0.642; H/d=4.49
S/H=0.866; H/d=4.3
S/H=1; H/d=4

x/H=0.5, DR=2.2, J=26.4, C,=0.64
(cf. figures 8(a) and 8(b) in (cf. figures 8(a) and 8(b) and,

figures 3 and 4 in NASA TM-83457; see also
figure 5 in NASA TM-87294)
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Sequence 7

Variations in scalar distributions with
Orifice diameter at constant spacing

H/d=8, 7, 6, 5.5, 5, 4
x/H=0.5, DR=2.2, J=26.4, S/H=0.5, C,=0.64
(cf. figure 13(a) in NASA/TM—2005-213137 and

figure 9(a) in NASA TM-83457; see also
figure 10(a) in NASA TM-87294)



9TTY1T-900T—NL/VSVN

9

Theta Profile

0.75

0.5 -

v/H

0.25 A

0 0.25 0.5 0.75 1
Theta

x/H=0.5, S/H=0.5, J=26.4
H/d=8 (S/d=4

x/d=4)

Slide 45 of 159



9TTY1T-900T—NL/VSVN

€9

Theta Profile

0.75

0.5 -

v/H

0.25 A

0 0.25 0.5 0.75 1
Theta

x/H=0.5, S/H=0.5, J=26.4
H/d=7 (S/d=3.5

x/d=3.5)

Slide 46 of 159



9TTY1T-900T—NL/VSVN

¥9

Theta Profile

0.75

0.5 -

v/H

0.25 A

0 0.25 0.5 0.75 1
Theta

x/H=0.5, S/H=0.5, J=26.4
H/d=5.66 (S/d=2.83

x/d=2,83)

Slide 47 of 159



9TTY1T-900T—NL/VSVN

S9

Theta Profile

0.75

0.5 -

v/H

0.25 A

0 0.25 0.5 0.75 1
Theta

x/H=0.5, S/H=0.5, J=26.4
H/d=5 (S/d=2.5

x/d=2.5)

Slide 48 of 159



9TTY1T-900T—NL/VSVN

99

Theta Profile

0.75

0.5 -

v/H

0.25 A

0 0.25 0.5 0.75 1
Theta

x/H=0.5, S/H=0.5, J=26.4
H/d=4 (S/d=2

x/d=2)

Slide 49 of 159



9TTY1T-900T—NL/VSVN

L9

Slide 50 of 159

Sequence 8

Variations in scalar distributions with
Orifice diameter at constant spacing

H/d=8, 7, 6, 5.5, 5, 4
x/H=2, DR=2.2, J=26.4, S/H=0.5, C =0.64
(cf. figure 13(b) in NASA/TM—2005-213137 and

figure 9(b) in NASA TM-83457; see also
figure 10(b) in NASA TM-87294)
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Sequence 9

Variations in scalar distributions with
Coupled orifice spacing and momentum-flux ratio

S/H=0.25; H/d=11.32, J=105.8
S/H=0.321; H/d=8.81, J=64
S/H=0.433; H/d=6.54, J=35.2
S/H=0.5; H/d=5.66, J=26.4
S/H=0.642; H/d=4.41, J=16
S/H=0.866; H/d=3.27, J=9.8
S/H=1; H/d=2.83, J=6.6

x/H=0.5, DR=2.2, C,=0.64
(cf. figure 14(a) in NASA/TM—2005-213137 and

figure10(a) in NASA TM-83457; see also
figure 9(a) in NASA TM-87296)
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Sequence 10

Variations in scalar distributions with
Coupled momentum-flux ratio and orifice spacing

S/H=0.25; H/d=11.32, J=105.6
S/H=0.321; H/d=8.81, J=64
S/H=0.433; H/d=6.54, J=35.2
S/H=0.5; H/d=5.66, J=26.4
S/H=0.642; H/d=4.41, J=16
S/H=0.866; H/d=3.27, J=8.8
S/H=1; H/d=2.83, J=6.6

x/H=2, DR=2.2, C,=0.64
(cf. figure 14(b) in NASA/TM—2005-213137 and

figure 10(b) in NASA TM-83457; see also
figure 9(b) in NASA TM-87294)
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Sequence 11

Variations in scalar distributions with downstream distance for
variable mainstream scalar distribution

x/H=0.25. 0.375, 0.5, 0.76, 1, 1.5, 2
DR=2.2, J=26.4, S/H=0.25, H/d=8, C=0.64

Mainstream 6=0.5 at bottom wall.
and does not change with distance

(cf. figure 15(a) in NASA/TM—2005-213137; see also
figure 11(a) in NASA TM-87294)
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Sequence 12

Variations in scalar distributions with
Increasing flow area convergence

dH/dx=0, 0.1, 0.2, 0.3, 0.4, 0.5
x/H=1, DR=2.2, J=26.4, S/H=0.5, H/d=4, C,=0.64

(cf. figures 16(a) and 16(b) in NASA/TM—2005-213137 and
figure 12 in NASA TM-87204)
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Sequence 13
Variations in scalar distributions for bluff and streamlined slots

Bluff slot; L/W=2.85

Bluff slot; L/W=2

Bluff slot; L/W=1.33

Round hole; L/W=1
Streamlined slot; L/W=1.33
Streamlined slot; L/W=2
Streamlined slot; L/W=2.85

x/H=0.5, DR=2.2, J=26.4, S/H=0.5, H/d=4, C,=0.64

(cf. figure 13 in NASA TM-87294; see also
figures 17(a) and 17(b) in NASA/TM—2005-213137)
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Sequence 14

Variations in scalar distributions with downstream distance
for slanted slots

x/H=0.125, 0.25, 0.375, 0.5, 0.75, 1, 1.5, 2
L/W=2.8, DR=2.2, J=26.4, S/H=0.5, H/d=4. C,=0.64

(cf. figure 18 in NASA/TM—2007-213137)
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Sequence 15
Variations in scalar distributions with
downstream distance for opposed rows of jets
with centerlines inline: equal orifice configurations and
momentum-flux ratios on opposite sides
x/H=0.25, 0.375, 0.5, 0.75, 1, 1.5, 2
DR=2.2, J=26.4, S/H=0.25, H/d=8, C~=0.64

(cf. figure 16(b) in NASA/TM—2006-214226)
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Sequence 16

Variations in scalar distributions for

opposed rows of jets with centerline in-line but with

different hole sizes on opposite sides

H/d
H/d
H/d
H/d
H/d

op=11.32; H/d| poom=11.32
op=13; H/d|pott0m=10.17
top=16; H/d|01t0m=9.25
0p=22.5; H/d|o11om=8.57
top =hone, HY/. dl bottom =8

X/H=0.5, DR=2.2. J|,0,=lsotiom=26.4,
S/H=0.25, C,=0.64

(cf. figure 21 in NASA/TM—2006-214226)
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Sequence 17

Variations in scalar distributions for
opposed rows of jets with centerline in-line but with
different momentum-flux ratios on opposite sides

0p=24.6; J
top=38'8 Jlbottom
0p=51.7; Jlbottom=9-5
top=07-6; Jlpottom=4-2
top=105' 6 , Jlbottom=0

bottom=24' 6
=16.9

bottom

<

x/H=0.5, DR=2.2. S/H=0.25, H/d|,0,=H/d|om=8, C,=0.64

(cf. figure 24b in NASA/TM—2006-214226)
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Sequence 18
Variations in scalar distributions with
downstream distance for opposed rows of jets
with centerlines staggered
x/H=0.25, 0.375, 0.5, 0.75, 1, 1.5, 2
DR=2.2, J=26.4, S/H=1, H/d=8, C,=0.64

(cf. figure 20(a) in NASA/TM—2005-213137 and
figure 17(a) in NASA TM-87294)
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Sequence 19

Variations in scalar distributions for
Double rows of jets with centerlines in-line

S/H=1 (x/H=1.5), 0.75 (x/H=1.375), 0.5 (x/H=1.25), 0.375
(x/H=1.1875), 0.25 (x/H=1.125), 0 (x/H=1), Single row

Downstream distance = H from midway between rows
(x/H is from center of 1st row)

Jet centerplanes in both rows are at same z location,
and all orifices are the same size

DR=2.2, J=26.4, S/H=0.5, H/d=5.66, C,=0.64

(cf. figure 21 in NASA/TM—2006-213137 and
figure 18 in NASA TM-87294)
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Sequence 20

Variations in scalar distributions for
Double rows of jets with centerlines staggered

S,H=1 (x/H=1.25), 0.75 (x/H=1), 0.5 (x/H=0.75), 0.375
(x/H=-0.625), 0.25 (x/H=0.5), 0 (x/H=0.25), Single row

Downstream distance = H/4 from center of 2nd row
(x/H is from center of 1st row)

Jet centerplanes in the two rows are staggered in the
z direction, but the orifices in both rows
have the same size and spacing

DR=2.2, J=26.4, S/H=1, H/d=4, C,=0.64

(cf. figure 22(b) in NASA/TM—2006-213137 and
figure 19 in NASA TM-87294)
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Theta Profile

0.75 - ‘
0.25 -
I:I I 1 1 1
0 025 05 075 1
Theta
Sx/H= 1 x/H=1.25

Downstream distance = H/4 from center of 2nd row
J=26.4, S/H=1; H/d=4, (S/d=4) in both rows
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Theta Profile

v'H

7 ORD

0.25 -

0O 0.2%5 0.5 0.75 1
Theta

Sx/H= .75 x/H=1
Downstream distance = H/4 from center of 2nd row
J=26.4, S/H=1; H/d=4, (S/d=4) in both rows
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Theta Profile

0.75

v'H

0.9 +

0.25 -

0O 0.2%5 0.5 0.75 1
Theta

Sx/H= 0.5 x/H=0.75
Downstream distance = H/4 from center of 2nd row
J=26.4, S/H=1, H/d=4, (S/d=4) in both rows
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Theta Profile

0.75

v'H

0.9 +

0.25 -

0O 0.2%5 0.5 0.75 1
Theta

Sx/H= 0.25 x/H=0.5
Downstream distance = H/4 from center of 2nd row
J=26.4, S/H=1; H/d=4, (S/d=4) in both rows
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Theta Profile

0.75

v'H

0.9 +

0.25 -

0O 0.2%5 0.5 0.75 1
Theta

Sx/H=0.125 x/H=0.375
Downstream distance = H/4f from center of 2nd row
J=26.4, S/H=1; H/d=4, (S/d=4) in both rows
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Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta
Sx/H=0 x/H=0.25

Downstream distance = H/4 from center of 2nd row
J=26.4, S/H=1; H/d=4, (S/d=4) in both rows
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Theta Profile

1S

= 0.5-
0.25 A
I:I I I I I
0 025 05 075 1
Theta
Single row x/H=0.25 (x/d=1)

J=26.4, S/H=0.5; H/d=4, (S/d=2)
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Sequence 21

Variations in scalar distributions for double rows of jets
with twice as many holes in the 2nd row

x/H=0 375, 0.5, 0.75, 1, 1.25, 1.5, 2
(from center of 1st row)

S/H=.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=.5, H/d=5.66
Row 2: S/H=.25, H/d=8

(cf. figure 20(a) in NASA TM-87294. Note that downstream
distances in figure 20 in NASA TM-87294
appear to have been given from the 2nd row
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991

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta
x/H=0 375

S,/H=0.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=9.25; H/d=8
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L91

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta

x/H=0 5

S,/H=9.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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891

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta

x/H=0 75

S,/H=0.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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691

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta
x/H=1

S,/H=0.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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Theta Profile

—
h

0.75
0.5
0.24
I:I I 1 1 1 1 I I
O 0.24 0.5 0.745 1
Theta
x/H=1.25

S,/H=0.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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ILT

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta

x/H=1.5

S,/H=.925; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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L1

Theta Profile

0.75 1
T

= 0.3
0.2% 4

I:I I 1 1 1

0O 0.2%5 0.5 0.75 1

Theta
x/H=2

S,/H=0.25; DR=2.2, J=26.4, C,=0.64
Row 1: S/H=0.5; H/d=5.66 Row 2: S/H=0.25; H/d=8
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Summary _
Slide 156 of 159

Profiles calculated with the Excel JIC spreadsheet, shown in sequences 1 to 21
lllustrate the effects on the mixing that result from varying flow and geometry.

Mixing improves with increasing downstream distance.
(Slides 3-10)

If the velocity ratio is fixed and the density ratio increases, the momentum-flux ratio
increases and penetration increases. If the mass-flux ratio is fixed and the density
ratio increases, the momentum-flux ratio decreases and the penetration decreases.
The effect of density ratio is small if the momentum-flux ratio is constant

(Slides 11-16 — constant R) (Slides 17-22 — constant M) (Slides 23-28 — constant J)

Increasing momentum-flux ratio increases jet penetration and lateral uniformity.
(Slides 29-36)

Increasing orifice spacing increases penetration but decreases lateral uniformity.
(Slides 37-44)

Increasing orifice diameter at a constant spacing increases the magnitude of the scalar
difference, but jet penetration and profile shape remain similar.
(Slides 45-50 — x/H=0..5) (Slides 51-56 — x/H=2)
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Summary (continued) Slide 157 of 159

Similar distributions may be obtained over a range of orifice spacing and
momentum-flux ratios, if the orifice spacing is inversely proportional to the square root
of the momentum-flux ratio.

(Slides 57-64 — x/H=0.25)  (Slides 65-72 — x/H=2)

The mixing of jets with a non-uniform scalar mainstream distribution can be
approximated by superimposing independent calculations of the JIC and

upstream profiles. Note that the mainstream profiles do not change with downstream
distance.

(Slides 73-81)

Flow area convergence results in slightly increased jet penetration and
cross-stream mixing, but the lateral profiles are less uniform than for the
non-converging duct case.

(Slides 82-88)

Jets from bluff slots penetrate slightly less and are laterally more uniform, and
streamlined slots penetrate slightly farther and are laterally less uniform, than
equal-area round holes. The effects of orifice shape are most significant in the
region close to the injection plane; farther downstream both slot geometries yield
distributions similar to those from equally-spaced, equal-area circular holes.
(Slides 89-96)
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Summary (continued) Slide 158 of 159

Profiles for jets from 45-degree slanted slots rotate and shift laterally with
increasing downstream distance. The rotation is not included in the empirical
model; but the lateral is approximated by shifting round hole distributions.
(Slide 97-105)

Profiles for opposed rows of jets with their centerlines in-line may be calculated

with either a symmetry or superposition method. (Those shown here were calculated
using the superposition model.) Three limiting cases of opposed jets are obvious;

1) configurations on opposite sides may be the same, 2) orifices may be of a

different size on opposite sides, or 3) the momentum-flux ratios may be different. For the
symmetric case, the ratio of orifice spacing to duct height should be one-half of

the corresponding value for single side injection at the same momentum-flux ratio.
(Slides 108-113 — Symmetric) (Slides 114-119 — different H/d’s) (Slides 120-127 — different J’s)

For opposed rows of jets with their orifice centerlines staggered, the ratio of

orifice spacing to duct height should be double the corresponding value for

single-side injection at the same momentum-flux ratio. This is like an optimum one-side
injection case with every other orifice moved to the opposite wall. Note that in an
Optimum configuration the jet from opposite sides must pass each other, thus the
momentum-flux ratio and orifice spacing must be suitable. If either is too small,

a staggered configuration will be similar to an in-line one.

(Slides 126-133)
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Summary (concluded) Slide 159 of 159

Double (axially-staged) rows of jets with their centerplanes in-line have profile
distributions similar to those from a single row of equal-area orifices.

at the same momentum-flux ratio and with the same orifice spacing.

(Slides 134-140)

Caution should be exercised when superimposing independent calculations
for double rows of jets with their centerplanes staggered, as there may

be significant interaction between jets in different rows.

(Slides 141-148)

Superimposing independent calculations of the two rows is used to approximate
jets from double rows of orifices of different size and spacing.
(Slides 149-156)
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TABLE 1.—RANGE OF FLOW AND GEOMETRIC VARIABLES
ON WHICH THE EMPIRICAL MODEL IS BASED

Independent Variables
Density ratio, DR 0.5t02.2
Momentum-flux ratio, J 5t0 105.6
Discharge coefficient, Cd 0.6to1
Downstream distance, x/H* 0to2
Orifice spacing to duct height ratio, S/H" Otol
Orifice size, H/d 4t016

Dependent Variables
Downstream distance, x/d* 21032
Spacing to orifice diameter ratio, S/d° 2to6
Area ratio, A;/Ay, 0.025 to 0.1
Jet-to-total mass-flow ratio, m/m 0.075 to 0.36
Jet-to-mainstream mass-flow ratio, MR 0.08 to 0.6
Jet-to-mainstream mass-flux ratio, M 3to14
Jet-to-mainstream velocity ratio, R 3to14
Equilibrium 6. 63 Oto1l
Pattern factor, PF = (MR)(1 — 6,,;,/Op) 0 to 0.6
C = (SH)((J)) 0.5t0 10

*Note that the downstream distance should not be less than the orifice radius.
"Note that S/d should not be <1.

NASA/TM—2006-214226 180



TABLE 2.—CONDITIONS FOR CALCULATIONS IN THIS REPORT

Figure x/H | DR J M R Configuration | S/H Hid S/d x/d MR C
no. (NW*DR)) | (WJIDR)) | (see fig. 3) (STHYNW))
4(a) 025 22 | 264 7.62 3.46 F 0.5 566 | 2.83 1.42 | 0.239 2.57
4(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
4(c) 1 22 | 264 7.62 3.46 F 5 566 | 2.83 566 | 239 2.57
4(d) 2 22 | 264 7.62 3.46 F 5 566 | 283 | 1132 | 239 2.57
5(a) 025] 22 | 264 7.62 3.46 F 0.5 566 | 2.83 1.42 | 0239 2.57
5(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
5(c) 1 22 | 264 7.62 3.46 F 5 566 | 2.83 566 | 239 2.57
5(d) 2 22 | 264 7.62 3.46 F 5 566 | 283 | 1132 | 239 2.57
6(a) 025 ] 22 | 264 7.62 3.46 F 05 566 | 2.83 1.42 | 0239 2.57
6(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
6(c) 1 22 | 264 7.62 3.46 F 5 566 | 2.83 566 | 239 2.57
6(d) 2 22 | 264 7.62 3.46 F 5 566 | 283 | 1132 | 239 2.57
7(a) 025 22 | 264 7.62 3.46 F 0.5 566 | 2.83 1.42 | 0.239 2.57
7(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
7(c) 1 22 | 264 7.62 3.46 F 5 5.66 | 2.83 566 | 239 2.57
7(d) 2 22 | 264 7.62 3.46 F 5 566 | 2.83 | 1132 | 239 2.57
8a(a) 025 | 22 | 264 7.62 3.46 C 025 | 8 2 2 0.239 1.28
8a(b) 5 22 | 264 7.62 3.46 C 25 | 8 2 4 239 1.28
8a(c) 1 22 | 264 7.62 3.46 C 25 | 8 2 8 239 1.28
8a(d) 2 22 | 264 7.62 3.46 C 25 | 8 2 16 239 1.28
8b(a) 025] 22 | 264 7.62 3.46 I 1 4 4 1 0.239 5.14
9b(b) 5 22 | 264 7.62 3.46 I 1 4 4 2 239 5.14
8b(c) 1 22 | 264 7.62 3.46 I 1 4 4 4 239 5.14
8b(d) 2 22 | 264 7.62 3.46 I 1 4 4 8 239 5.14
9(a) 05 | 22 6.6 3.81 1.73 F 05 566 | 2.83 2.83 | 0.1195 1.28
9(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
9(c) 5| 22 | 1056 15.24 6.93 F 5 566 | 2.83 2.83 | 478 5.14
10(a) 05| 5 | 264 3.83 727 F 0.5 566 | 2.83 283 [ 0.114 2.57
10(b) 5 1 26.4 5.14 5.14 F 5 566 | 2.83 283 | .16l 2.57
10(c) 5] 2 | 264 7.27 3.83 F 5 5.66 | 2.83 2.83 | -228 2.57
11(a) 05 | 22 | 264 7.62 3.46 E 1 8 8 4 0.06 5.14
11(b) 5| 22 | 264 7.62 3.46 D 5 8 4 4 12 2.57
11(c) 5| 22 | 264 7.62 3.46 C 25 | 8 2 4 9.24 1.28
12(a) 05 | 22 | 264 7.62 3.46 A 0.125 | 16 2 8 0.1195 0.64
12(b) 5 22 | 264 7.62 3.46 C 25 | 8 2 4 238 1.28
12(c) 5| 22 | 264 7.62 3.46 H 5 4 2 2 0.478 2.57
13a(a) 05 | 22 | 264 7.62 3.46 D 5 8 4 4 0.1195 2.57
13a(b) 5 22 | 264 7.62 3.46 F ~).5 | 6 3 3 213 2.57
13a(c) 5| 22 | 264 7.62 3.46 G 5 5 2.5 2.5 307 2.57
13a(d) 5] 22 | 264 7.62 3.46 H 5 4 2 2 478 2.57
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TABLE 2.—CONTINUED.

Figure x/H | DR J M R Configuration | S/H Hid S/d x/d MR C
no. (NW*DR)) | (WUJ/DR)) | (see fig. 3) (STHYN(W))
13b(a) 2 22 | 264 7.62 3.46 D 0.5 8 4 16 0.1195 2.57
13b(b) 2 22 | 264 7.62 3.46 F ~.5 | 6 3 12 324 2.57
13b(c) 2 22 | 264 7.62 3.46 G 5 5 25 10 307 2.57
13b(d) 2 22 | 284 7.62 3.46 H 5 4 2 8 478 2.57
14a(a) 05 | 22 6.6 3.81 1.73 ] 1 283 | 2.83 1.42 | 0.239 2.57
14a(b) 5| 22 | 264 7.62 3.46 F 5 566 | 2.83 283 | 239 2.57
14a(c) 5] 22 | 1056 15.24 6.93 B 25 | 1132 | 2.83 566 | 239 2.57
14b(a) 2 22 6.6 3.81 1.73 J 1 283 | 2.83 5.66 | 0239 2.57
14b(b) 2 22 | 264 7.62 3.46 F 5 566 | 2.83 | 1132 | 239 2.57
14b(c) 2 22 | 105.6 15.24 6.93 B 25 | 1132 | 283 | 2264 | 239 2.57
15a(a) 025 | 22 6.6 3.81 1.73 D 0.5 8 4 2 0.06 1.28
25| 22 6.6 3.81 1.73 D 5 8 4 2 .06 1.28
15a(b) 5| 22 6.6 3.81 1.73 D 5 8 4 4 .06 1.28
5| 22 6.6 3.81 1.73 D 5 8 4 4 .06 1.28
15a(c) 1 22 6.6 3.81 1.73 D 5 8 4 8 .06 1.28
1 2.2 6.6 3.81 1.73 D 5 8 4 8 .06 1.28
15b(a) 025 22 6.6 3.81 1.73 F 0.5 566 | 2.83 1.42 | 0.1195 1.28
25| 22 6.6 3.81 1.73 F 5 566 | 2.83 142 | .1195 1.28
15b(b) 5| 22 6.6 3.81 1.73 F 5 5.66 | 2.83 283 | 1195 1.28
5| 22 6.6 3.81 1.73 F 5 566 | 2.83 283 | 1195 1.28
15b(c) 1 22 6.6 3.81 1.73 F 5 566 | 2.83 566 | 1195 1.28
1 2.2 6.6 3.81 1.73 F 5 566 | 2.83 566 | 1195 1.28
15¢(a) 025 | 22 6.6 3.81 1.73 H 0.5 4 2 1 0.239 1.28
25| 22 6.6 3.81 1.73 H 5 4 2 1 239 1.28
15¢(b) 5| 22 6.6 3.81 1.73 H 5 4 2 2 239 1.28
5| 22 6.6 3.81 1.73 H 5 4 2 2 239 1.28
15¢(c) 1 22 6.6 3.81 1.73 H 5 4 2 4 239 1.28
1 2.2 6.6 3.81 1.73 H 5 4 2 4 239 1.28
16a(a) 025 | 22 | 264 7.63 3.46 B 025 | 1132 | 2.83 2.83 | 0.1195 1.28
25| 22 | 264 7.63 3.46 B 25 [ 1132 | 283 2.83 | 1195 1.28
16a(b) 5| 22 | 264 7.63 3.46 B 25 [ 1132 | 283 566 | 1195 1.28
5| 22 | 264 7.63 3.46 B 25 [ 1132 | 283 566 | 1195 1.28
16a(c) 1 22 | 264 7.63 3.46 B 25 [ 1132 | 283 | 1132 | .1195 1.28
1 22 | 264 7.63 3.46 B 25 | 1132 [ 283 | 1132 ] .1195 1.28
16b(a) 025 22 | 264 7.63 3.46 C 025 | 8 2 2 0.239 1.28
25| 22 | 264 7.63 3.46 C 25 | 8 2 2 239 1.28
16b(b) 5| 22 | 264 7.63 3.46 C 25 | 8 2 4 239 1.28
5 22 | 264 7.63 3.46 C 25 | 8 2 4 239 1.28
16b(c) 1 22 | 264 7.63 3.46 C 25 | 8 2 8 239 1.28
22 | 264 7.63 3.46 C 25 | 8 2 8 239 1.28
17(a) 025 ] 22 [ 1056 15.24 6.93 A 0.125 | 16 2 4 0.239 1.28
25| 22 | 1056 15.24 6.93 A 125 | 16 2 4 239 1.28
17(b) 5| 22 | 1056 15.24 6.93 A 125 | 16 2 8 239 1.28
5| 22 | 1056 15.24 6.93 A 125 | 16 2 8 239 1.28
17(c) 1 22 | 1056 15.24 6.93 A 125 | 16 2 16 239 1.28
1 22 | 105.6 15.24 6.93 A 125 | 16 2 16 239 1.28
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TABLE 2.—CONTINUED.

Figure x/H | DR J M R Configuration | S/H Hid S/d x/d MR C
no. (N(J*DR)) | (WUJ/DR)) | (see fig. 3) (SIH)N(W)

18a(a) 025 | 22 6.6 3.81 1.73 B 025 | 11.32 | 2.83 2.83 | 0.0598 0.64

251 22 6.6 3.81 1.73 B 25 | 11.32 | 2.83 2.83 .0598 .64

18a(b) 5 2.2 6.6 3.81 1.73 B 25 | 11.32 | 2.83 5.66 .0598 .64

5 22 6.6 3.81 1.73 B 25 | 11.32 | 2.83 5.66 .0598 .64

18a(c) 1 2.2 6.6 3.81 1.73 B 25 | 11.32 | 2.83 11.43 .0598 .64

1 2.2 6.6 3.81 1.73 B 25 | 11.32 | 2.83 11.32 .0598 .64

18b(a) 025 | 22 6.6 3.81 1.73 C 0.25 8 2 2 0.1195 0.64

251 22 6.6 3.81 1.73 C 25 8 2 2 1195 .64

18b(b) 5 2.2 6.6 3.81 1.73 C 25 8 2 4 1195 .64

5 22 6.6 3.81 1.73 C 25 8 2 4 1195 .64

18b(c) 1 22 6.6 3.81 1.73 C 25 8 2 8 1195 .65

1 2.2 6.6 3.81 1.73 C 25 8 2 8 1195 .64

19(a) 025 | 22 26.4 7.63 3.46 A 0.125 | 16 2 4 0.1195 0.64

251 22 26.4 7.63 3.46 A 125 | 16 2 4 1195 .64

19(b) 5 2.2 26.4 7.63 3.46 A 125 | 16 2 8 1195 .64

5 22 26.4 7.63 3.46 A 125 | 16 2 8 1195 .64

19(c) 1 22 26.4 7.63 3.46 A 125 | 16 2 16 1195 .64

1 2.2 26.4 7.63 3.46 A 125 ] 16 2 16 1195 .64

20a(a) 0.5 2.2 6.6 3.81 1.73 D 0.5 8 4 4 0.06 1.28

22 6.6 3.81 1.73 D 5 8 4 4 .06 1.28

20a(b) 5 2.2 6.6 3.81 1.73 - 5 11.32 | 5.66 5.66 .03 1.28

2.2 6.6 3.81 1.73 -- 5 6.54 | 3.17 3.17 .0895 1.28

20a(c) 5 2.2 6.6 3.81 1.73 F 5 5.66 | 2.83 2.83 1195 1.28

20b(a) 052 | 22 6.6 3.81 1.73 F 0.5 5.66 | 2.83 2.83 | 0.1195 1.28

2,2 6.6 3.81 1.73 F 5 5.66 | 2.83 2.83 1195 1.28

20b(b) 52 22 6.6 3.81 1.73 D 5 8 4 4 .06 1.28

2.2 6.6 3.81 1.73 -- 5 4.62 | 2.31 2.31 179 1.28

20b(c) 952 | 22 6.6 3.81 1.73 H .5 4 2 8 .239 1.28

21(a) 0.5 2.2 26.4 7.63 3.46 B 025 | 11.32 | 2.83 5.66 | 0.1195 1.28

2.2 26.4 7.63 3.46 B 25 | 11.32 | 2.83 5.66 1195 1.28

21(b) 5 2.2 26.4 7.62 3.46 -- 25 | 16 4 8 .06 1.28

2.2 26.4 7.62 3.46 -- 25 9.25 | 231 4.62 179 1.28

21(c) 5 2.2 26.4 7.63 3.46 C 25 8 2 4 .239 0.64
Column 1

22(a) 025 | 22 6.6 3.81 1.73 I 1 4 4 1 0.239 2.57

22(b) 5 2,2 6.6 3.81 1.73 1 1 4 4 1 239 2.57

22(c) 1 2.2 6.6 3.81 1.73 1 1 4 4 1 239 2.57
Column 2

22(a) 025 | 22 26.4 7.63 3.46 F 0.5 5.66 | 2.83 1.42 | 0.239 2.57

22(b) .5 2.2 26.4 7.63 3.46 F .5 5.66 | 2.83 1.42 239 2.57

22(c) 1 2.2 26.4 7.63 3.46 F .5 5.66 | 2.83 1.42 239 2.57

23a(a) 025 | 22 6.6 3.81 2.73 B 025 | 11.32 | 2.83 2.83 | 0.0598 0.64

2.2 59.4 11.43 5.20 B 25 | 11.32 | 2.83 2.83 .1796 1.93

23a(b) 5 2.2 6.6 3.81 2.73 B 25 | 11.32 | 2.83 5.66 .0598 .64

22 59.4 11.43 5.20 B 25 | 11.32 | 2.83 5.66 .1796 1.93

23a(c) 1 22 6.6 3.81 2.73 B 25 | 11.32 | 2.83 11.32 .0598 .64

2.2 59.4 11.43 5.20 B 25 | 11.32 | 2.83 11.32 .1796 1.93

NASA/TM—2006-214226 183




TABLE 2.—CONCLUDED.

Figure x/H | DR J M R Configuration | S/H Hid S/d x/d MR C
no. (N(*DR)) | (WJ/DR)) | (see fig. 3) (STHYN(W))

23b(a) 025 22 6.6 3.81 2.73 C 025 | 8 2 2 0.1195 0.64

22 | 594 11.43 5.20 C 25 | 8 2 2 3592 1.93

23b(b) 5| 22 6.6 3.81 2.73 C 25 | 8 2 4 1195 0.64

22 | 594 11.43 5.20 C 25 | 8 2 4 3592 1.93

23b(c) 1 22 6.6 3.81 2.73 C 25 | 8 2 8 1195 0.64

22 | 594 11.43 5.20 C 25 | 8 2 8 3592 1.93

24a(a) 05 | 22 | 264 7.63 3.46 C 025 | 8 2 4 0.239 1.28

5 22 | 264 7.63 3.46 C 25 | 8 2 4 239 1.28

24a(b) 5| 22 | 388 9.24 4.40 C 25 | 8 2 4 29 1.55

5 22 | 169 6.10 2.70 C 25 | 8 2 4 19 1.02

24a(c) 5 22| 517 10.66 4.85 C 25 | 8 2 4 335 1.80

5| 22 95 4.57 2.08 C 25 | 8 2 4 144 0.77

24a(d) 5| 22| 676 12.20 5.54 C 25 | 8 2 4 383 2.06

5| 22 42 3.03 1.38 C 25 | 8 2 4 .096 0.51

24a(e) 5| 22 | 1056 15.24 6.93 C 25 | 8 2 4 479 2.57
5] 22 0 0 0 C 25 | 8 2 4 0

24b(a) 05 | 22 | 264 7.63 3.46 C 025 | 8 2 4 0.239 1.28

5 22 | 264 7.63 3.46 C 25 | 8 2 4 239 1.28

24b(b) 5| 22 | 388 9.24 4.40 C 25 | 8 2 4 29 1.55

5 22 | 169 6.10 2.70 C 25 | 8 2 4 19 1.02

24b(c) 5 22 | 517 10.66 4.85 C 25 | 8 2 4 335 1.80

5| 22 9.5 4.57 2.08 C 25 | 8 2 4 144 0.77

24b(d) 5 22| 676 12.20 5.54 C 25 | 8 2 4 383 2.06

5| 22 42 3.03 1.38 C 25 | 8 2 4 096 0.51

24b(e) 5| 22 | 1056 15.24 6.93 C 25 | 8 2 4 479 2.57
58| 22 0 0 0 C 25 | 8 2 4 0
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Figure 1.—Schematic of flow field for one side injection
of a row of jets in a confined cross flow. (Shown for
injection from the top duct wall).
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Figure 2.—Schematic of a typical vertical scalar profile
showing scaling parameters in empirical model (shown
for one-side jet injection from the top duct wall).
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Figure 3.—Round hole orifice configuration.
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Figure 4.—Variation of scalar distributions with increasing downstream distance:
orifice configuration F in figure 3 (centerplane at edge [)-0-( in spreadsheet])
for S/H= 0.5, H/d = 5.66, DR = 2.2, J=26.4, and Cq = 0.64.
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Figure 5.—Variation of scalar distributions with increasing downstream distance:
orifice configuration F in figure 3 (midplane at edge [-0-0- in spreadsheet])
for S/H= 0.5, H/d = 5.66, DR = 2.2, J=26.4, and Cq = 0.64.
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Figure 6.—Variation of “hot” scalar distributions with increasing downstream
distance: orifice configuration F in figure 3 (midplane at edge [-0-0- in
spreadsheet]) for S/H = 0.5, H/d = 5.66, DR =2.2, J= 26, and Cy = 0.64.
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Figure 7.—Variation of bottom injection scalar distributions with increasing down-
stream distance: orifice configuration F in figure 3 (midplane at edge [-0-0- in
spreadsheet]) for S/H = 0.5, H/d = 5.66, DR=2.2, J=26.4, and Cy = 0.64.
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Figure 8(a).—Variation of scalar distributions with increasing downstream
distance: orifice configuration C in figure 3 (centerplane at edge [)-0-( in
spreadsheet]) for S’TH = 0.25, HId =8, DR=2.2, J=26.4, and Cy4 = 0.64.
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Figure 8(b).—Variation of scalar distributions with increasing downstream
distance: orifice configuration | in figure 3 (centerplane at edge [)-0-( in
spreadsheet]) for SIH=1, Hid=4, DR=2.2, J=26.4, and Cy = 0.64.
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Figure 9.—Variation of scalar distributions with increasing momentum-flux
ratio: orifice configuration F in figure 3 (centerplane at edge [)-0-( in spread-
sheet]) for S’/H = 0.5, H/d = 5.66, DR=2.2, and Cy = 0.64 at x/H = 0.5.
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Figure 10.—Variation of scalar distributions with increasing density ratio:
orifice configuration F in figure 3 (centerplane at edge [)-0-( in spread-
sheet]) for S’/H = 0.5, H/d = 5.66, J = 26.4, and Cy = 0.64 at x/H = 0.5.
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Figure 11.—Variation of scalar distributions with decreasing orifice spacing at
constant round hole diameter (constant (H/d): centerplane at edge [)-0-( in
spreadsheet] for H/d=8, DR=2.2, J=26.4, and Cy= 0.64 at x/H = 0.5.
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Figure 12.—Variation of scalar distributions with increasing orifice diameter
(decreasing H/d) at constant S/d: centerplane at edge [)-0-( in spread-
sheet] for S/Id=2, DR=2.2, J=26.4, and Cy=0.64 at x/H = 0.5.
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(d) Configuration H: Hid = 4 (S/d = 2, (x/d = 2)

Figure 13(a).—Variation of scalar distributions with increasing orifice diameter
(decreasing H/d) at constant S/H: centerplane at edge [)-0-( in spread-
sheet] for S/IH= 0.5, DR=2.2, J=26.4, and Cy= 0.64 at x’H = 0.5.
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1.0 1.0
0.9
0.8 0.8
05 0.7
< O 0.6
= 0.5
0.4 0.4
0.3
0.2 0.2
0.1
0.0 00
0.0 02 04 06 08 10 1.2 14 16 1.8 20 0
zls
(c) Configuration G: H/d =5 (S/d = 2.5, (x/d = 10)
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Figure 13b.—Variation of scalar distributions with increasing orifice diameter
(decreasing H/d) at constant S/H: centerplane at edge [)-0-( in spread-
sheet] for S/IH=0.5, DR=2.2, J=26.4, and Cy=0.64 at x/H = 2.
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(b) J=26.4, Configuration F: S/H = 0.5, H/d = 5.66, (C = 2.57, (x/d = 2.83)
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(c) J=105.6, Configuration B: S/H = 0.25, H/d = 11.32, (C = 2.57, (x/d = 5.66)

Figure 14(a).—Variation of scalar distributions with coupled momentum-flux ratio
(J) and orifice spacing (S/H): centerplane at edge [)-0-( in spreadsheet] for
DR=2.2and Cy=0.64 at xH =0.5.
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(a) J = 6.6, Configuration J: S/H = 1, H/d =2.83, (C =2.57, (x/d = 5.66)
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Figure 14(b).—Variation of scalar distributions with coupled momentum-flux ratio
(J) and orifice spacing (S/H): centerplane at edge [)-0-( in spreadsheet] for
DR =2.2and Cqy=0.64 at x/H = 2.
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Figure 15(a).—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration D: S/H= 0.5, H/d =8, (S/d=4); DR=2.2,J=6.6, (C=1.28), and Cy = 0.64.
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Figure 15(b).—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration F: S/H = 0.5, H/d = 5.66, (S/d =2.83); DR=2.2, J=6.6, (C=1.28), and Cy = 0.64.
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Figure 15(c).—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration H: S/H = 0.5, H/d = 4, (S/d =2); DR=2.2, J=6.6, (C=1.28), and Cq = 0.64.
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Figure 16(a).—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration B: S/H = 0.25, H/d = 11.32, (S/d =2.83); DR=2.2, J=26.4, (C=1.28), and Cy = 0.64.
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Figure 16(b).—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration C: S/H = 0.25, H/d =8, (S/d=4); DR=2.2, J=26.4, (C=1.28), and C4 = 0.64.
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Figure 17.—Symmetry and superposition calculations of scalar distributions for opposed rows of jets with centerlines
inline-orifice configuration A: S/H = 0.125, H/d = 16, (S/d=2); DR=2.2, J=105.6, (C = 1.28), and Cy = 0.64.
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Figure 18(a).—Symmetry and superposition calculation of scalar distributions for under-penetrating jets from opposed
rows with centerlines inline-orifice configuration B: S/H = 0.25, H/d = 11.32, (S/d = 2.83); DR=2.2, J = 6.6,
(C=0.64), and Cy = 0.64.
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Figure 18(b).—Symmetry and superposition calculations of scalar distributions for under-penetrating jets from opposed
rows with centerlines inline-orifice configuration C: S/H = 0.25, H/d = 8, (S/d=2); DR=2.2, J=6.6, (C = 0.64), and

Cq = 0.64.
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Figure 19.—Symmetry and superposition calculations for under-penetrating jets from opposed rows with centerlines
inline-orifice configuration A: S/H = 0.125, H/d = 16, (S/d=2); DR=2.2, J=26.4, (C = 0.64), and Cy4 = 0.64.
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Figure 20(a).—Symmetry and superposition calculations of scalar distributions at x/H = 0.5 orifice configuration D:
SIH=0.5HId=8, (S/d=4);, DR=2.2,J=6.6, (C=1.28), and C4= 0.64 for opposed jets; and orifice configur-
ation F: S/H= 0.5, HId =5.66, (S/d=2.83); DR=2.2, J=6.6, (C = 1.28), and C4 = 0.64 for single side injection.
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Figure 20(b).—Symmetry and superposition calculations of scalar distributions at x/H = 0.5 orifice configuration F:
S/H=0.5, Hld=5.66, (S/d=2.83); DR=2.2, J=26.4, (C =1.28), and C4= 0.64 for opposed jets; and orifice
configuration H: S/H = 0.5, H/d=4, (S/d=2); DR=2.2, J=6.6, (C = 1.28), and Cy4 = 0.64 for single side injection.

NASA/TM—2006-214226 211



Symmetry Superposition

1.50 1.50
1.25- 1.25-
1.00- 1.00-
S 0.751 S 0751
0.50 0.50
0.251 0.251
0.00 0.00
0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00 0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00
(a) 0 Hidltop = H/d|bottom = 11.32 0
1.50 1.50
1.251 1.251
1.00- 1.00-
< 0.75 < 0.75
0.50 0.50
0.25 0.25
0.00 0.00
0.00 025 0.50 0.75 1.00 1.25 1.50 175 2.00 0.00 025 050 0.75 1.00 1.25 1.50 175 2.00
(b) 0 Hidltop = 16; Hid|bottom = 9.25 0
1.50 1.50
1.251 1.251
1.001 1.001
< 0.751 < 0.751
0.501 0.501
0.251 0.251
0.00 0.00
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
© 0 HidJbottom = 8 0

Figure 21.—Symmetry and superposition calculations of scalar distributions at x/H = 0.5 orifice configuration B:
S/IH=0.25, Hld =11.32, (S/d=2.83); DR=2.2,J=26.4, (C=1.28), and C4= 0.64 for opposed jets; and orifice
configuration C: S/H =0.25, H/d =8, (S/d =2); DR=2.2, J=26.4, (C = 1.28), and Cq4 = 0.64 for single side injection.
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Figure 22.—Calculations of scalar distributions for single side injection: Column 1-orifice configuration I: S/H =1,
Hid=4,(SId=4); DR=2.2, J=6.6, (C =2.57), and Cq= 0.64; Column 2—orifice configuration F: S/H = 0.5,
Hid=5.66, (S/d=2.83), DR=2.2, J=26.4, (C=2.57), and Cy= 0.64.
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Figure 23(a).—Symmetry and superposition calculation of scalar distributions for opposed rows of jets with centerlines
inline for Jtop = 6.6 and Jpotttom = 59.4: orifice configuration B: S/H = 0.25, H/d = 11.32, (S/d = 2.83), DR = 2.2, and
Cq=0.64.

NASA/TM—2006-214226 214



Symmetry Superposition

1.50 1,50
125/ ' 15
1.00] 100/
< 0.75; < 0.75;
0.50 0.50
0.25 0.25
ooo—2—m"m-r ooo 2"
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
@) 0 XIH = 0.25 (x/d = 2) 0
1,50 1,50
1251 125/
1.00] 1,001
< 0.75; < 0.75;
0.50 0.50-
0.25 0.25
0.00+—r——r o oo ——
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
(b) 0 xIH= 0.5 (xid = 4) 0
1.50 1,50
125/ 125/
1.00] 1,001
< 0.75; < 0.75;
0.50 0.50
0.25 0.25
p.00+— oo\ —
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
© 0 xIH = 1.0 (xId = 8) 0

Figure 23(b).—Symmetry and superposition calculation of scalar distributions for opposed rows of jets with centerlines
inline for Jiop = 6.6 and Jpotttom = 59.4: orifice configuration C: S/H = 0.25, H/d = 8, (S/d = 2), DR =2.2, and
Cq = 0.64. (Note that experimental data for this case in shown in test 34 in reference 17.)
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Figure 24(a).—Symmetry calculation of scalar distributions for opposed rows of jets with centerlines inline for different
momentum-flux ratios on opposite sides: orifice configuration C: S/H = 0.25, H/d = 8, (S/d =2), DR=2.2, and
Cy=0.64. at x/H=0.5 (x/d = 4).
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Figure 24(b).—Superposition calculation of scalar distributions for opposed rows of jets with centerlines inline for
different momentum-flux ratios on opposite sides: orifice configuration C: S/H = 0.25, H/d = 8, (S/d = 2), DR = 2.2,
and Cy = 0.64. at x/H = 0.5 (x/d = 4).
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