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Abstract DR density ratio, T,,/T;
. . D; DG,
An existing empirical model for the temperature field dH/dx duct convergence rate

downstream of single and multiple rows of jets injected into

a confined crossflow has been extended to model the effects ~ Heg effective duct height; Hy except for opposed
of curvature and convergence on the mixing. This extension rows of jets with centerlines in-line; see
is based on the results of a numerical study of these effects appendix
using a three-dimensional turbulent flow computer code. H, duct height at injection plane
Temperature distributions calculated with the empirical model J momentum-flux ratio, (DR)R?
are presented to show the effects of flow area convergence,
. . N n number of holes around can; see Eq. (6)
radius of curvature, and inner and outer wall injection for i )
single and opposed rows of jets. R velocity ratio, V;/Uy,
R, inner radius of curvature in x-r plane
R, inner radius of curvature at inlet in r-z plane
Nomenclature . .
_— r radial coordinate
AR orifice aspect ratio (width/length) S spacing between adjacent orifices
Ail Ay, jet-to-mainstream area ratio for each row, Sx spacing between orifice rows
(m/4)/[(S/H,) (Hy/D)? T temperature
C (S/Hy)VJ; Eq. (5) I jet temperature
C,; orifice discharge coefficient T. mainstream temperature
D orifice diameter U, inlet mainstream velocity
V; jet velocity
e + . . . .
*Senior Research Engineer, Member AIAA Wi J.et. ha}f width be.low centerline (for top
. . . . . injection); see Fig. 4
tSupervisor, Combustion Engineering Sciences N ) ] .
#Senior Development Engineer, Combustion Advanced Wy jet half-width above centerline (for top
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w;/wr jet-to-total mass flow ratio,

V(DR)J Cy(Ai/A,)
L+ [V (DR Ca4/4,)]

x axial coordinate; O at orifice centerline

y cross-stream (radial) coordinate; O at injection
wall, y, at location of maximum 6 in vertical
profile; see Fig. 4

z circumferential coordinate; O at jet centerplane

angle around inlet from beginning of turn (in
x-r plane)

(T, — /T, - T); Eq. (1)
6. maximum temperature difference ratio in
vertical profile; see Fig. 4

Ocs equilibrium 6, w;/wy

6., minimum temperature difference ratio below
centerline (for top injection); see Fig. 4

0 min minimum temperature difference ratio above
centerline (for top injection); see Fig. 4

Introduction

Several previous investigations on the mixing of jets injected
into a ducted crossflow have been motivated by the need to
design or tailor the temperature pattern at the combustor exit
in gas turbine engines. Results from experimental and modeling
studies of the mixing of single and multiple jets with an
isothermal flow in a straight duct have been reported in Refs. 1
to 7. Flow and geometric variations typical of many gas turbine
combustors, namely variable temperature mainstream, flow
area convergence, and double or opposed rows of jets, either
in-line or staggered have been reported in Refs. 8 to 13.

From the data in Ref. 14, an empirical model®>?® was
developed to predict the temperature field downstream of a
row of jets injected into a confined crossflow. A micro-
computer program based on this empirical model was used
in Ref. 7 to investigate the effects of separately varying the
independent flow and geometric variables and to identify the
key variables and the relationships among them which
characterized the mixing.

This empirical model was extended on the basis of experi-
mental results to model the effects of a variable temperature
mainstream, flow area convergence, noncircular orifices, and
double rows of jets, both axially staged and opposed. 131619
This model has demonstrated a very good predictive capability
within the parameter range of the generating experiments. 312

In addition to the evolution and extension of empirical
modeling schemes, rapid advances have been made recently

in the capability of computational fluid dynamics models and
their application to complex flows such as jet(s)-in-cross-
flow.?>% These codes offer several advantages over purely
empirical models, including the capability to predict all
flowfield quantities (rather than only those for which empirical
models exist), and the ability to consider flows outside the
range of experiments, or flows where empirical assumptions
are invalid.

An example of the capability and promise of this type of
code is given in Ref. 12, where temperature field distributions
calculated by using a three-dimensional, elliptic, viscous-flow
code with a standard k-e turbulence model?? are compared
with measurements from selected cases in Ref. 15 and with
distributions calculated by using the empirical model reported
therein. The three-dimensional code calculations shown in
Ref. 12 correctly approximated the trends from variation of
the independent flow and geometric variables, but they
consistently exhibited too little mixing. Although improve-
ments in numerics, accuracy, and turbulence models should
provide more quantitative predictions, there would appear to
be a continuing need for the empirical model as a near-term
design tool, provided that the conditions of interest are within
the range of the experience on which the model is based.

One application for which existing data and empirical models
are inadequate to characterize the mixing is the flowfield in
the annular transition duct that connects the exit of the
combustor to the inlet of the first-stage turbine in gas turbine
engines using reverse-flow combustor configurations. A cross-
section schematic of this type of engine with the transition duct
highlighted is shown in Fig. 1. With the current trend toward
shorter combustors, the transition duct not only must turn the
flow direction 180° but also must efficiently mix the dilution
air with the hot mainstream gases. A detailed understanding
of the flowfield in the transition duct is essential to control
the temperature profile entering the turbine.

Limited experimental studies of this flowfield have been
reported in Refs. 26 and 27. Reference 28 summarizes results
from computations given in Ref. 30, in which a three-
dimensional, TEACH-type, turbulent, viscous-flow computer
code was used to investigate the effects of transition duct
curvature and convergence on the mixing of single and opposed
rows of dilution jets.

In Ref. 30, the empirical model in Ref. 13 was revised to
model the trends evident in the numerical calculations in
Ref. 29. The current extension of this model retains all the
capabilities of the earlier versions with the added capability
to investigate the effects of curvature. Note that this model
is an extension of an existing empirical model, thus retaining
its demonstrated capabilities and limitations.'® Also, the
empirical model calculations (for dilution jet mixing in straight
ducts) shown in Ref. 12 were in generally better quantitative



agreement with the data than three-dimensional numerical
model calculations; therefore, the empirical model was
extended to model only the trends, and not the quantitative
results, from the numerical calculations.

Description of the Flowfield

The basic geometry for the transition ducts used in the
calculations performed in this study is shown in Fig. 2. The
radius of curvature of the inner duct wall in the r-z plane is
given nondimensionally by its ratio to the inlet duct height
R,/H,. The curved sections in the x-r plane were generated
by using circular arcs, and the curvature parameter was
specified as the inner radius of curvature of the duct normalized
by the inlet duct height R./Hj. Possible transition ducts are
defined by values of R; and R, between zero and infinity. The
limiting geometries defined by the possible values of the
curvature parameters are as follows: a rectangular channel is
defined if R, and R,; are infinite, a can results if R,; is infinite
and R,=0, and an annular duct results if R, is infinite and
O<R,<o.

The duct convergence was identified by the ratio of the exit
cross-sectional area to that at the jet injection location. The
primary independent flow and geometric variables, specified
at the location where the dilution jets were injected into the
mainstream flow, were the jet-to-mainstream momentum-flux
ratio J and the orifice-spacing-to-duct-height ratio S/H,. The
orifice configurations for which calculations are presented in
this paper are shown in Fig. 3. The range of variation of these
independent flow and geometric variables is given in Table 1.

The calculated temperature levels are presented as
centerplane and cross-stream contours of the nondimensional
parameter

where T is the local mean temperature, 7, is the mainstream
temperature, and 7} is the jet temperature. In the following
paragraphs, cases are compared which differ from each other
by a single parameter, so the effect of that parameter can be
examined. The flow and geometry conditions for the cases
discussed are given in Table 2. The case numbers shown
correspond to those in Refs. 29 and 30.

The Empirical Flowfield Model

The empirical model for the temperature field downstream of
jets mixing with a confined crossflow is based on the
observation that all vertical temperature profiles can be
expressed in the following self-similar form:

6— 0%, In2(y — y.)?
o= | @
¢ ™ Ymin 173

where 8 is the local temperature difference ratio defined by
Eq. (1), and 6,, 04, Omin, Wi, Wi, and y, are scaling
parameters as shown in Fig. 4. Correlations have been
developed for each of these in terms of the independent
variables J, §/D, Hy/D, z/S, x/H,, S/Hy, R.;/Hy, R,/H,, the
mainstream temperature, and flow area convergence. The
correlations used in the present version of the empirical model
are given in Ref. 30. The complete set of correlation equations
is given in the appendix. The most recent revisions to this
model are given in the section Effects Due to Curvature in
the appendix.

For all calculations, the flow and geometric variables that
must be specified are the discharge coefficient, density ratio,
momentum-flux ratio, orifice-spacing-to-duct-height ratio,
duct-height-to-orifice-diameter ratio, the axial offset between
rows, flow area convergence, orifice aspect ratio, radii of
curvature, and mainstream temperature profile. Although
calculations can be performed for most flow and geometric
conditions of interest, they will be most reliable for conditions
within the range of the experiments and calculations shown
in Table 1. The density ratio, momentum-flux ratio, orifice
spacing, orifice size, radii of curvature, and flow area
convergence are the primary independent variables. Quantities
derived from these, the orifice-to-mainstream area ratio, the
jet-to-total mass flow split, and the parameter coupling the
spacing and momentum-flux ratio, are also given in the table.

Table 1 Ranges of flow and geometric variables
on which model is based

Independent variables

Density ratio, DR ..............cooovvviieiiinena... 051022
Momentum-flux ratio, J ............coooiiiiiiiiiiL. 5 to 105
Orifice spacing, S/Hy ....cocovoiviiiiiiiin, 0.125t0 1
Orifice row offset, S,,/Hy .............co.oooil. 0.25t0 0.5
Orifice aspect ratio ................ e 0.36 t0 2.8
Orifice diameter, D/Hy ....................... 0.0625 to 0.25
Area ratio (exit/inlet) ..............cooiiiiiiiiinn, lto 4
Radius of curvature in x-r plane, R;/Hy ........ 0.25to
Radius of curvature in x-r plane, R,/Hy ............. 0to oo
Variable mainstream, 6 ..................cocooiiii... 0to 0.5

Derived variables

AifAp i 0.025 t0 0.1
Wi/ WE ettt 0.075 to 0.36
C=(S/TH) VT oo 0.5t0 10




Table 2 Flow and geometry conditions

Figure Case® J S/Hy D/Hy R,/Hy R,/H, Area Configuration
ratio

5(a),(e) 9 264 05 025 0.5 oo 1 ID jets
5(b),(c),(£),(g) 12 264 5 25 o oS 1  One-side
5(d),(h) 1 264 5 .25 5 oo OD jets
6(a),(e) 1 264 5 25 5 0 1 OD jets
6(b),(c),(H) 18 264 1.0 .25 5 oo Opposed,staggered
6(d),(g) 9 264 5 .25 5 o0 1 ID jets
7(a),(c) 37 264 25 125 5 oo 1 Opposed,in-line
7(b),(d) 10 6.6 .5 .25 5 co Opposed,in-line
8(a),(d),(e) 30 6.6 .5 25 o o0 1 Opposed,in-line
8(b),(H) 10 66 .5 .25 5 oo Opposed,in-line
8(c),(g) 29 6.6 5 .25 25 o0 1  Opposed,in-line
9(a),(c),(d) 21 66 5 .25 o0 1 1  Opposed,in-line
9(b),(e),(f) 30 66 .5 .25 oo oo 1  Opposed,in-line
10(a),(d),(e) 31 6.6 ) 25 oo oo Y4 Opposed,in-line
10(b), (D) 33 66 .5 25 .25 oo 5 Opposed,in-line
10(c),(g) 35 66 .5 .25 25 2.2 4 Opposed,in-line
11(a),(c),(d) 41 264 5 25 oo 0 1  One-side
11(b),(e),(®) 12 264 5 .25 o o 1  One-side

aFrom Refs. 29 and 30.

Not all combinations of the primary variables in the table were
evaluated; only those combinations that are within the range
given for the derived variables represent conditions that are
within the validated range of the empirical model.

Results and Discussion

The following discussion and analysis are parallel to the
comparable sections in Ref. 28. To facilitate comparison with
the previously published numerical results, the figures are
similar in content, and the same color bars have been used
to show the results from calculations with the empirical model.
Unless noted to the contrary, observations made here for the
empirical model results apply to the numerical model results
also. It should be noted, however, that the empirical model
calculations show more rapid mixing than the numerical model
results. This is consistent with the numerical and empirical
model comparisons shown in Ref. 12.

Differences Between ID and OD Injection
Into a Curved Duct

Fig. 5 shows centerplane and cross-stream temperature
contour plots downstream of a row of jets injected from the

inner (ID) and outer (OD) walls into a uniform mainstream
flow in a nonconverging duct with a 180° turn. Orifice
configuration A in Fig. 3 (S/Hy = 0.5; D/H, = 0.25) was
used for these calculations with the jet-to-mainstream
momentum-flux ratio J equal to 26.4. This is an appropriate
combination of orifice spacing and momentum-flux ratio for
optimum mixing in a straight duct. 10-12 Eor comparison with
the turning duct cases, contours calculated for a straight duct
with the same jet flow and orifice geometry are also shown
in this figure. The cross-stream plots for the straight duct case
are shown at downstream distances equal to the distance along
the injection wall at 30° into the turn for ID and OD injection,
respectively.

Comparison of the centerplane view of injection from the
ID wall in a curved duct with that in a straight channel (Figs.
5(a) and (b)) shows that the penetration is similar. Examination
of the cross-stream plots in Figs. 5(e) and (f), however, shows
that for ID injection into the curved duct the familiar kidney
shape is not evident; that is, for ID injection the minimum
temperature at any radius is on the centerplane (z/$ = 0),
whereas for OD injection and straight-duct flows the minimum
temperature is often off the centerplane.



Figs. 5(c) and (d) and 5(g) and (h) show a comparison of
OD injection upstream of a 180° turn with injection into a
straight duct. (Figs. 5(c) and (g) are from the same straight
duct calculation shown in parts (b) and (f), with the plots
inverted to facilitate comparison with the OD injection case.)
For OD injection, the penetration and mixing are similar to
that in a straight duct.

Figures 5(e) and (h) show that the jet structure and mixing
are significantly different for the ID and OD jets. Note also
that the jet trajectories drift slightly toward the ID wall of the
turn compared to where they would be in a straight duct. This
latter result was observed in the numerical calculations in
Ref. 29 and in the experimental resuits in Refs. 26 and 27.
It is not unexpected, since in the absence of any jets the
mainstream flow would establish a free vortex in the turn, with
radially increasing pressure and attendant inflow.

Opposed Rows with Jet Centerlines Staggered

It was reported in Refs. 10 and 12 that enhanced mixing
was obtained when alternate jets for ‘‘optimum’’ one-side
injection were moved to the opposite wall, creating opposed
rows of jets with centerlines staggered. For example, if
configuration A is selected to optimize the mixing for one side
injection, then configurations B and C would be appropriate
choices for opposite sides of the duct in an opposed-row,
staggered jet configuration. The analogous situation in a
turning duct is shown in Fig. 6. Jet centerline and cross-stream
contour plots for the opposed-row configuration are shown
in Figs. 6(b), (c), and (f). Note that parts (b) and (c) show
planes through the OD and ID jets, respectively. Cor-
responding plots for separate rows of OD and ID jets are shown
in parts (a) and (e), and (d) and (g), respectively.

These contours show that both the OD and ID jets in the
opposed-row, staggered jets configuration penetrate farther
than the comparable single-side case. This was also seen in
the straight duct case.'? A difference between the cross-
stream shape of the OD and ID jets is apparent also, and is
consistent with the corresponding contours of the separate OD
and ID jet configurations.

Opposed Rows with Jet Centerlines In-line

An alternative to staggered centerlines in the opposed-row
configuration is to have the centerlines directly opposed. To
maintain the appropriate ratio of orifice spacing to mixing
height for this case, the orifice spacing must be halved since
the effective mixing height is half the height of the
duct. '%123! Since there will be four times as many injection
locations for opposed, in-line injection, the orifice diameters
must be half of that for the single-side case if the same flow
split is desired. This is shown in configuration D
(S/Hy =0.25, D/Hy = 0.125) in Fig. 3. Centerplane and
cross-stream contour plots for this configuration with J = 26.4
are shown in Figs. 7(a) and (c).

A lower jet-to-mainstream momentum-flux ratio requires
a greater orifice spacing to maintain optimum mixing.
Centerplane and cross-stream temperature contours for
configuration A with J = 6.6 for opposed rows of in-line jets
are shown in Figs. 7(b) and (d). The similarity of the flow
pattern for coupled spacing and momentum-flux ratio is evident
in comparing parts (b) and (d) for /= 6.6 and S/H; =0.5
with parts (a) and (c) for J = 26.4 and S/H, = 0.25. This
similarity was also seen in the experimental and analytical
results for opposed rows of in-line jets injected into a straight
duct. '?

Effects of Curvature in the x-r Plane

The effect of varying the radius of curvature R,; is shown
in Fig. 8. Figs. 8(b) and (f) and 8(c) and (g) are centerplane
and cross-stream contours for an ID radius of curvature equal
to % and % times the height of the inlet duct (i.e.,
R./Hy=0.5 and R_;/Hy = 0.25, respectively). The jet-to-
mainstream momentum-flux ratio is 6.6 with an opposed-row,
in-line jets configuration with S/Hy, = 0.5 and D/Hy = 0.25
(configuration A). Both the centerplane and cross-stream
distributions for these two radii of curvature are similar. For
comparison, centerplane and cross-stream contour plots for
the comparable straight duct case are shown in Figs. 8(a), (d),
and (e). As in previous figures the straight and turning duct
flows are similar, but the asymmetry of the mixing of the ID
and OD jets is evident in both the turning duct cases.

Mixing of Jets in an Annular Duct (Effects of
Curvature in the r-z Plane)

The centerplane and cross-stream contours for a straight
annulus and a comparable rectangular duct are shown in
Fig. 9. Cross-section contours are shown at downstream
distances of x/H, = 0.25 and 0.75 for both the annular and
rectangular ducts.

For the annular duct, the inside radius (ID) of the annulus
was equal to the duct height (i.e., R/Hy = 1). The orifice
geometry was again an opposed-row, in-line jets configuration
(A) with J = 6.6. Similar penetration and mixing, as seen in
both the centerplane and cross-stream contours, was achieved
by specifying the jet spacing for the annular duct to be equal
to that in the rectangular duct at the radius which divides the
annulus into equal areas.

Convergence Effects

The effect of a 1:3 (exit-to-inlet) area ratio convergence in
straight and turning ducts is shown in the centerplane and
cross-stream contours in Fig. 10 for the opposed-row, in-line
jets configuration. In the case of the turning duct, this
convergence may be obtained through reduction in the duct
height or by circumferential convergence if the exit annulus
is at a smaller radius (closer to the engine centerline) than the
inlet. Centerplane and cross-stream temperature contours for
these cases are shown in Figs. 10(b) and (f) and 10(c) and



(g), respectively. Temperature distributions, especially the
cross-stream contours, are similar for both radial and cir-
cumferential convergence.

Jets Injected Into a Can

This is the limiting case for OD injection with curvature
in the r-z plane where the radius of curvature of the inner
annulus is equal to 0. Temperature contours for jet injection
into a section of a can are shown in Figs. 11(a), (c), and (d).
As in the case of the annular duct, cross-stream contours are
shown at downstream distances of x/Hy = 0.25 and 0.75.
The corresponding centerplane and cross-stream contours for
the rectangular duct case are shown in Figs. 11(b), (d), and
(e), respectively.

The jet-to-mainstream momentum-flux ratio was 26.4. The
jet spacing for this case was specified, at the radius which
divides the can into equal areas, as that appropriate for injection
of a row of jets into a rectangular duct. That is, the relationship
of the spacing between jet centerlines to the number of holes
around the circumference of the can would be

S =27nRy/n 3)
where

R, = H/N2 4

Substituting these into the spacing and momentum-flux
relationship for a rectangular duct'?

C = (S/Hy) VI (5
gives the appropriate number of holes as
= 7V2JIC (6)

It follows that each sector would be 360/n degrees.

Limitations and Applicability

Examination of the empirical model results in Ref. 12 shows
that correlation of experimental data can provide a good
predictive capability within the parameter range of the
generating experiments, provided that the experimental results
are consistent with the assumptions made in the empirical
model. These models must, however, be used with caution,
or not at all, outside this range.

Use of the empirical model in regions close to the injection
location (x/D < 1) is not recommended. It should also be noted
that the form of the empirical correlations in the current odel
(and previous versions in Refs. 5 and 11) precludes their use
for semi-confined flows (large Hy/D or S/D), single jet flows,

or flows in which it is known a priori that the primary
assumptions in the model will be invalid.

Summary of Results

An existing empirical model for the temperature field
downstream of single and multiple rows of jets injected into
a confined crossflow has been extended to model the effects
of curvature and convergence on the mixing. This extension
is based on the results of a numerical study of these effects
using a three-dimensional turbulent flow computer code.
Temperature distributions calculated with the empirical model
are presented to show the effects of flow area convergence,
radius of curvature, and inner and outer wall injection for
single and opposed rows of jets.

The following conclusions can be made from the results:

1. Transition duct curvature causes a drift of the jet
trajectories toward the inner wall. The different structures for
the ID and OD jets, observed in the calculations with the
numerical model, are shown in calculations with the empirical
model also.

2. Jet penetration and mixing in a turning and converging
duct are similar to the effects seen in a converging straight
channel, namely that the optimum orifice spacing and
momentum-flux relationships are unchanged, and the mixing
is not inhibited by the convergence. This appears to be
independent of whether the convergence in the turning duct
is radial or circumferential.

3. Jet trajectories in an annulus (or can) are similar to those
in a rectangular duct for the same jet-to-mainstream
momentum-flux and orifice-spacing-to-duct-height (radius)
ratios provided that the spacing is specified at the radius
dividing the annulus (or can) into equal areas.

Appendix—Correlation Equations

Jet Thermal Centerline Trajectory

ye/Hpy = 0.3575a,J°3(S/D)**(H,,/D) O+
% Cdo'lss(x/Heq)O"7exp(-b)
where
a, = min|(1 + S/H,,),2]
and

b = 0.091 (x/H,)*[(H,,/S) — NI/3.5)]



Centerplane Maximum Temperature Difference Ratio

6, = 05 + (1 — Ogp)| @ ~O35C,O5(H,o/D) "' (x/H,g) '}/

where

f=1.15V(S/H,)/(1 + S/H,,)
and
Ogg = wi/wr

Centerplane Minimum Temperature Difference Ratios

Omin/0. =1 —exp(—c™)
where

c+ =0.038 a3]1.62(S/D)1.5(H2q/D) _2'57Cd0'535(X/Heq) 1.1

and
a5 = 1 if [(yc/Heq) + (W.};/Heq)} <1
= (Hy/H,)*"  if [(yC/Heq) + (W.};/H,_,q)] >1
O min/0: = 1 —exp(—c7)
where

= Qa4J_°'3(S/D)_1'4(Heq/D)O'ngO'zs(x/Heq)O'g

and
a, =157 if R,/H, = oo (straight duct)
=393 if R /H,,<o (curved duct)

0=1 if [(_yC/Heq) + (W.;/Heq)]sl or RylH,,<oo
= exp {0.22 (WH,g) Y (VT75) - (S/Heq)B

it [0dHy) + WilHp|>1 and RofHy = oo

Centerplane Half-Widths

W;/Heq = a5JO‘18(S/D) —0.25(H0/Heq)0‘5cd0.125(x/Heq)0.5
where
as=0.1623 if R, /H,, = oo (straight duct)
] q

=0.3 if R./H,, < oo (curved duct)

WilH,, = a(,JO‘lS(S/D)O'”(Heq/D) _0'38(H0/Heq)0'5
% Cdo.oss(x/ng)o.xz
where
ag=0.20 if R, /H, = oo (straight duct)
=0.5 if R./H.,y<oo (curved duct)

Off-Centerplane Thermal Trajectory

yc,z/yc =1- [4(Z/S)2CXP(_3)]
where
g = 0.227J°57(S/D) " (H/D)**C, P (x/ Ho) *>*

Off-Centerplane Maximum Temperature Difference Ratio

0.8 = 1~ [4/9) exp(~)|
where
d=0.452 J053(S/D) —1.53(Heq/D)0.83Cd0435(x/Heq)0.83

Off-Centerplane Minimum Temperature Difference Ratio

erﬁin,z/oc,z = 0;in/oc

Off-Centerplane Half-Widths

Wi JH,, = Wit/H,,

The six scaling parameters, y./H,,, 0., 0. ns Omins Wik/H,,,
and Wy,/H,,, are used in Eq. (3) to define the vertical profile
at any x,z location in the flow. For all except the case of
opposed rows of jets with centerlines in-line, H,, in the
correlation equations is equal to Hy, the height of the duct at

the injection location.

Nonisothermal Mainstream
Double (Axially Staged) Rows of Jets
Opposed Rows of Jets with Centerlines Staggered

It was shown in Ref. 12 that these flows can be satisfactorily
modeled by superimposing independent calculations of the
separate elements. This is accomplished as follows:

0 =16, + 6, — (26,6,))/[1 — (6,6,)]

Note that 8 = §, at any location where 6, = 0 (and 6 = 6, if
#, = 0); and that 8 < 1 (provided that 6, and 6, are each < 1).
Also, for the completely mixed case 8gg is equal to the ratio
of the total jet flow to the mainstream flow as required.



Opposed Rows of Jets With Centerlines In-Line

It was observed in Ref. 2 that the flowfield downstream of
opposed jets was similar to that downstream of a single jet
injected toward an opposite wall at half the distance between
the jets. This is also confirmed by the experimental results
in Ref. 17. Thus for the symmetric case, H,, = Hy/2.

In general, these flows can be modeled by calculating an
effective duct height as proposed in Ref. 9, namely

<Heq)top =H

and

s,

[(Aj/A,,,)\/.—ILp + [(Aj/A,,,)\/— ]

J
bottom

<Heq>bouom =Ho - <Heq>top

Effects Due to Curvature

The flow in a curved duct develops a free vortex, wherein
U = (const)/r, with higher velocities near the inner wall than
near the outer wall. The local momenutm flux ratio is thus

Jiocal = Hrl(r; + r )1

where J is the momentum flux ratio based on the uniform
mainstream velocity.

The effective momentum flux ratio for OD jets is defined
to be the integrated average of the values of Jj,., over the
outer half of the duct, and similarly the effective momentum
flux ratio for ID jets is defined to be the integrated average
of the Jy,., values over the inner half of the duct. These
values are

Jop = J(1 + 2Cop + 4COD2)/ 3
Jip = J( +2Cp + 4c,D2)/ 3
where
Cop = (1 + Hy/R)/(2 + HyRy))
and

Cip = 1/(2 + Hy/R,)

Flow Area Convergence

This case is modeled by assuming that the accelerating
mainstream will act to decrease the effective momentum flux
ratio as the flow proceeds downstream, thus

J(x) = JIH(x)/Ho)*

Note that the trajectory and the jet half-widths are calculated
in terms of the duct height at the injection location, so must
be scaled by the inverse of the convergence rate Hy/H(x) to
give profiles in terms of the local duct height.

Orifice Aspect Ratio

It was observed in Ref. 18 that bluff slots resulted in slightly
less jet penetration and more two-dimensional profiles than
circular holes, and that streamlined slots resulted in slightly
greater jet penetration and more three-dimensional profiles.
This effect is modeled by using the ratio of the orifice spacing
to the orifice width S/W in lieu of S/D in the correlation
equations. For rectangular orifices with circular ends

SIW = (SIDW1 + @/mAR—1) if AR>1

and

SIW = (S/DW1 + @/m)(1/AR = 1)/AR if AR<1
AR = WIL

Slanted Slots

Two effects were noted in the experimental results for
slanted slots, namely that the centerplanes shifted laterally with
increasing downstream distance, and the axes of the kidney-
shaped temperature contours were inclined with respect to the
injection direction. The former is modeled as a function of
momentum flux ratio and downstream distance as

dz/S = sin[(w/2)a]
where
a = min| 1,/H,,) (J/26.4)°%|

The rotation effect observed in the experimental data is not
modeled.
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