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1.0 SUMMARY

The main objective of the NASA Dilution Jet Mixing Phase I
Program was to gquantify by means of parametric tests the effect of
the following on the mixing of a row of jets with a confined cross-

flow.

Jet to mainstream density ratio

Flow area convergence as encouvntered in transition sec-
tions

Non-uniform mainstream profile upstream of dilution
orifices,

The general conclusions derived from Phase I work are:

(o]

Jet spreading rate in transverse direction is increased
with increasing J, H/D and with decreasing S/D.

The density ratio has only a second order effect on the
jet mixing characteristics for a constant momentum
ratio.

The temperature distributions in the jet mixing region
are strongly influenced by the undisturbed mainstreamn
profile. Therefore, a superpusition of the mainstream
profile on the correlations for isothermal mainstream
conditions yields good agreement with data.

Flow area convergence enhances mixing in radial and
transverse directions. An asymmetric convergent ¢ ‘'ct
with flat wall injection has the same jet mixing charu.-
teristics as a symmetric convergent duct. An asymmetric
convergent duct with slant wall injection has a faster
jet spreading rate in the transverse direction.




2.0 INTRODUCTION AND OBJECTIVES

Advanced airccaft propulsion gas turbine engines {.,r civil
and military awplications must provide increased power density
usually expressed in terms of thrust or horsepower per unit air-
flow. Higher cycle pressure ratio ard turbine inlet temper~ture
(TIT) offer the greatest p~tential for increasing engine perform-
ance and reducing engine weight and size. However, because of the
higher average TIT, the gas temperature distribution must be
closely tailored for acceptable radial temperature profiie and
minimal peak gas temperature.

The combustor discharge temperature quality is influenced by
nearly all aspects of the combustor design and in particular by
the dilution zone. Due to increasing burner inlet air temperature
and fuel/air ratio, an increasingly higher fraction of the com-
bustor through-flow air is needed for combustion and cooling with
correspondingly reduced airflow available for dilution purposes,

An improved understanding of dilution jet mixing processes
will result in cffective utilization of the available dilutiosn
air. The present program has been undertaken to acquire a data
base of dilution jet mixing characteristics to develop empirical
jet mixing correlations and validate combustor analytical design
models.

The penetration and mixing of air jets directed into a cross-
stream have been investigated by many researchers. Jet trajectory
and mixing models have been developed both empirically and analyt-
ically. In the majority of the studies, the models are not
directly applicable to flows in gas turbine combustion systems due
to either an inappropriate ri~ge of flow conditions or unrealistic
test geometries. In almost all cases, correlations have bean
derived using single jets discharging into a uniform cross-flow in
relatively large ducts. In gas turbine combustion systems, a

2
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number of dilution orifices in single or multiple rows normally

inject the cooler air into relatively small annular ducts with

non-uniform flow fields, resulting in Jjet interaction with

adjacent jets and the liner walls. The availability of experi-
. mental data to extend current jet mixing models to account for
these factors is limited, which results in only qualitative appli-
cation of the models by combustion engineers in actual design
practice.

The work reported in References 1 through 4 for multiple-jet
injection into a confined cross-stream provided the basis for the
program reported here. The nominal cross-flow test conditions in
those studies were: Um = 15 m/sec; T, = 600°K with uniform tem-
perature and velocity profiles. Dilution jet velocities (Vj)
varied over the range of 25 m/sec to 85 m/sec with jets at an
ambient temperature Tj = 300°K. The test conditions were estab-
lished based primarily on jet to mainstream momentum ratio
(J = Pj ij/pmum2) variation frca 6 to 60, with density-ratio

- (Pj/pm) variation from 1.5 to 2.5.

Jet mixing correlations were developad (References 2 and 4) in
terms of the momentum ratio and the following geometric variables:

o 2<8/D <6 D = Dilution orifice diameter
o} 45;HO/D <16 Ho = Channel height at injection
plane
o 0.25< X/Hof;2 X = Axial flow direction
o 0-~2/5<0.5 Z = Lateral flow direction
S = Orifice spacing along the

transverse direction

FoFS = st et



The main objective of the NASA Dilution Jet Mixing Phase I
Program was to quantify the effect of the fnllowing factors on jet
penetration and mixing:

o 3, H/D, S/, ps/P.

o Non-uniform cross-stream temperature and velocity main
profiles upstream of dilution orifices

o 2old versus hot jet injection

o Cross-stream flow area convergence (accelerating cross-
stream) as encountered in practical dilution-zone geo-
metries.

The experimental effort was divided into four series of
tests:

Series 1 test objectives were to evaluate current data in
relation to previous data and correlations at comparable condi-
tions for jet mixing in a uniform cross-stream and to compare
mixing characteristics of a cold jet injected irnto a hot stream
versus a hot jet injected into a cold stream.

The effects of mainstream velocity and temperature profiles
on jet mixing processes were investigated in Series 2 test. Two
types of cross-stream temperature profiles were studied. A pro-
file generator was used to inject a cooler stream near the jet
injector wall with an increasing temperature profile away from the
injection wall. A decreasing radial temperature profile was used
in the second set of investigations.

Dilution 2zone geometric details, including flow area con-
vergence rate and shape (symmetric or asymmetric convergence),



affect jet penetration and downstream radial profiles. The effect
of mainstream acceleration on jet mixing behavior was studied in
Series 3 tests. Both symmetric and asymmetric converging test
sections were used in this test series.

Practical dilution zone designs include both flow convergence
and profiled cross-stream. A limited study was done in Series 4
tests on quantifying the effect of flow convergence as well as
cross-stream profile on jet spreading.

In addition to the four test series described above, limited
model validation and correlation were done based upon the extension
of the correlations developed by Holdeman and Walker
(Reference 2).




3.0 TEST RIG AND FACILITY DESCRIPTIONS

3.1 Test Rig

A schematic layout of the jet mixing test rig is presented in
Figure 2 and a partially assembled rig in Figure 3. The main-
stream airflow is ducted from the test cell main air supply
through a 15.24-cm internal diameter pipe. A transition section
connects the inlet pipe to a rectangular cross section of constant
width (30.48 cm) and adjustable height. |

A perforated plate with 25 holes of 1.43-cm diameter provides
a relatively uniform airstream upstream of the profile generator
plenum. The profile generator duct incorporates an adjustable
bottom wall to match the test section inlet height, wkich can vary;
from 10.16 cm to 15.24 cm.

A separate air supply enables the profile generator to pro-
vide the desired radial profile of temperature and velocity
upstream of the jet-injection plane.

A third air supply allows the dilution injection orifices to
vary jet velocity and density. A number of interchangeable dilu-
tion orifice plates and test section geometries were used to study
confined jet mixing with the mainstream. To minimize the rig heat
losses, the rig walls were insulated with a 2.54-cm thick layer of
Kaolite insulation,

In addition to a traversing Pt/Ps/T rake, as shown in
Figure 2, the rig instrumentation includes a number ¢f wall static
pressure taps and flow thermocouples.

A brief description of the prnfile generator, test sections,
and dilution orif ce plates is provided in the following para-
graphs.

6




3.1.1 Profile Generator

A profile generator (Figure 4) provides a desired radial pro-
file in the mainstream. This is achieved by varying independently
the flow conditions of the approaching mainstream and the flow
injected from the profile generator. As shown in Figure 2, a
separate air supply is used to vary the temperature and velocity
of the air supplied to the profile generator slot, which is
2,54-cm high and 29.2-cm wide. The slot is fed uniformly through
an inclined perforated plate having 50 orifices of 1l.47-cm
diameter; these orifices can be seen in Figure 4. The supply-air
duct dumps the air into a rectangular plenum (or settling chamber)
of 30.48 x 16.75 x 12.7-cm dimensions,

Three wall static pressure taps and one thermocouple were
used to control the plenum air pressure and temperature levels,
which, along with the main supply flow condition, control the
mainstream radial profile.

3.1.2 Test Sections

In the present study, jet mixing was characterized for four
different test sections, as pictured in Figure 5; their important
dimensional parameters are summarized in Table I. Both constant-
height and variable-height test sections were investigated.

Test Section I has a constant channel height (Ho = 10.16 cm)
and slightly more than 2H° length to allow radial profile measure-
ments at X/Ho = 0.5, 0.75, 1.5, and 2.0.



TABLE I. DEFINITION OF TEST SECTIONS ORIGINAL PAGE IS
OF POOR QuALITY
Test
Section
Test Section Jet Convergence
Test Height (cm) Injection Rate
Section Injection| Exit Angle « -dh
Number Description Plane Plane | (Degrees) dx
Constant
I Height 10.16 10.16 90.0 0
Symmetric
II Convergence 10.16 5.08 97.1 0.25
-y - -
Symmetric
III Convergence 10.16 7.62 97.1 0.25
Symmetric
iv Convergence 10.16 5.08 104.0 0.50
Asymmetric
Flat-wall
v Injection 10.16 5.08 90.0 0.50
Asymmetric
Inclined-
Wall
\'A Injection 10.16 5.08 116.6 0.50
I T

The same piece of hardware was used for Test Sections II and

I1I, which are symmetrically converging with a wall inclination

angle equal to 7.1 degrees.

is 97.1

degrees,

area ratio is 2.0.

Consequently, the jet injection angle
The test section flow area convergence rate
(defined as -dh/dx) is 0.25.
5.08 cm at X =

Test Section II exit-plane height is
2 Hg, and the corresponding injection to exit plane

Test Section III is assumed to be 10.16-cm

long with attendant exit-plane height of 7.62 cm and area ratio
equal to 1.33.



-~

/

ORIGINAL PAGE 1S
OF POOR QUALITY
Test Section IV is symmetrically converging with a con-
vergence rate of 0.5; the corresponding inclination angle is 14.0
degrees for both top and bottom walls. Therefore, the jet injec-
tion angle is 104 degrees. The test section injection to exit
plane area ratio is 2.0.

Test Sections V and VI are asymmetric with a convergence rate
equal to that of Test Section IV, The bottom wall of Test
Section V is horizontal and the top wall inclination is
26.6 degrees with an attendant Jjet injection angle of
116.6 degrees. By turning Test Section V, the top wall becomes
flat (horizontal) and the jet injection angle becomes 90 degrees.

It should be noted that all test sections have a 10.16-cm
channel height at the injection plane. Consequently, the inlet
channel heights of the test sections range between 1.0.16 and
15.24 cm. To match the test section height, the profile generator
section height was adjusted by means of a moveable wall.

To insure well-controlled boundary layer profile at the
injection plane, a boundary-layer trip (0.41-cm high and 0.33-cm
wide) was welded to all four walls of the test sections. The trip
is located 15.24 cm upstream of the jet injection plane.

A number of static pressure taps are installed on all four
walls of the test sections. As delineated in Figure 6 for Test
Section I, a total of 32 wall statics are used to measure static
pressure distribution. Four thermocouples (two thermocouples
extending from the top wall and two through the bottom wall) are
used for monitoring the mainstream gas temperature levels., These
thermocouples are immersed 1.27 and 3.8l cm from the bottom and
top walls, respectively.
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3.1.5 Dilution Orifice Plate Geometry

Four circular orifice configurations, illustrated in
Figure 7, were used on the present investigation. These plates
are designated by 3-set numerals indicating aspect ratio, S/D, and
HO/D. The aspect ratio is unity for the circular orifices. Two
orifice spacings (S/D = 2 and 4) were investigated. Similarly,
two orifice sizes (D = 1.27 and 2.54 cm) were employed, producing
HO/D = 8 and 4, where H, (test section height at the injection
plane) is equal to 10.16 cm, Table II gives important dimensions
of the four dilution orifice plates used in the present study.

TABLE II. DESCRIPTION OF DILUTION ORIFICE PLATES

Orifice
Diameter, D Number of
Designation (cm) Orifices S/D HO/D S/Ho
01/02/04 2.54 6 2 4 0.50
01/04/04 2.54 3 4 4 1.00
01/02/08 1.27 12 2 8 0.25
01/04/08 1.27 6 4 8 0.50

3.2 Test Facilities

The test rig was installed in the combustion test cell,
C-100. Three air supplies were used for setting up the required
flow conditions for the mainstream, profile generator, and dilu-
tion jets. Nonvitiated air from the laboratory compressors and
heaters was used throughout the present investigation.
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The mainstream air temperature can be regulated from ambient
to 725°K. A special preheater is used for obtaining air temper-
atures above 750°K. For the majority of the test cases the main-
stream nominal temperature and flow rate were 644°K and 0.25
kg/sec, respectively. For the test cases involving hot jet injec-
tion the mainstream nominal temperature and flow rate were 310°K
and 0.56 kg/sec, respectively. The mainstream temperature was
measured by thermocouples located at the test section entrance. A
standard ASME orifice section installed in a 15-cm inside diameter
pipe was used for measuring the mainstream airflow rate.

A second, separately controlled air supply was used for the
profile generator, which can be installed in either the top or
bottom walls of the test rig., The mainstream profile was adjusted
by varying the pressure drop across the profile generator and the
attendant airflow rate. The airflow rate was measured by an ASME
orifice in a 7.62-cm inside diameter pipe.

A third air supply was used for controlling the dilution jet
flow conditions, including jet velocity and temperature. For a
majority of test cases, the dilution jet air was at ambient tem-
perature and therefore no external heater was required. For hot
jet injection, an external heater supplied a nominal dilution air
temperature of 450°K. The dilution airflow rate was measured by
an orifice section in accordance with standard ASME airflow mea-
surement procedures.
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4.0 DATA ACQUISITION AND REDUCTION

4,1 Data Acquisition

The dilution jet mixing characteristics were determined by
measuring temperature and pressure distribution within the test
section at different axial stations. A traversing probe, shown in
Figure 8, was used for this purpose.

The probe counsists of a 20-element thermocouple rake sur-
rounded by 20 total-pressure sensors on one side and 20 static-
pressure rakes on the other side. The nominal transverse spacing
between the thermocouple rake and the total pressure rake is 5.08 mm;
similarly, the spacing between the thermocouple and the static
pressure elements is 5.08 mm.

The center-to-center height of the probe is 9.35 cm. The
first element is therefore located 4.05 mm from the top wall of
the constant-height test section, i.e., 0.16 D for a 2.54-cm dilu-
tion jet diameter. All the elements are equally spaced in the
vertical direction, providing a nominal spacing of 4.92 mm.

The total-pressure sensor elements are made of Inconel tubes
with an outside diameter of 0.16 cm and a wall thickness of
0.023 cm. The internal conical design of the tube at the inlet
provides a t15 degree flow insensitivity angle. The static pres-
sure tubes, similar to the total pressure sensors, are dead-ended
with four bleeding holes of 0.03-cm diameter 90 degrees apart and
0.7 cm from the tip. The total temperature sensors are type K
thermocouple wires with insulated junctions encased in 0.10-cm
inside diameter tubes, supported by 0.21 cm inside diameter
enveloping tubes. The insulated junction tubes exposed to the air
stream are 0.76-cm long. All the sensing elements have a straight
length of 1.52 cm or more before the first bend to the probe core
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where all tubes are inserted in a rectangular probe shield,
4.32 cm x 0.67 cm,

The probe is mounted on a traversing system (Figure 9) that
allows travel in three directions. Thiz system allows 30.48 cm
traverse in the X-direction (mainstream flow direction) and
22.86 cm in the radial (Y) and lateral (2) directions with an
accuracy of $0.015 percent. The flow field mapping in the
Zz direction is done over a distance equal to the hole spacing (S)
for any given orifice plate. The measurements in the 2 direction
were made at the planes identified by 2/s = 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, where 2/S = 0 denotes center of
the orifice. The measurements in the X-direction weire made at the
planes x/Ho = 0.5, 0.75, 1.0, 1.5, and 2.0. The probe was
traversed over a matrix of 11 x 5 survey locations.

The temperature and pressure values from the test rig instru-
mentation were recorded on magnetic tapes through a central ccm-
puterized data acquisition system. An on-line data display system
provided real-time information on selected raw data for monitnring
the flow conditions. The raw data from the magnetic tape were
later used for detail data reduction, analysis, and correlation.

4,2 Data Reduction

The rectangular grid network at which the measurements were
made can be described with the aid of Figures 1 and 10. The
X-axis is the axis along the length of the duct in the direction of
the bulk flow. The X=0 station is located at the jet injection
plane. The Y-axis (radial direction) is the direction along the
jet injection direction. The Y=0 plane is located at the jet
orifice exit plane. The z-axis is in the cross-stream direction.
The 2=0 plane is the vertical X, Y plane at a jet centerline. The
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streamwise (X) and radial (Y) distances are nondimensionalized by
H,, the channel height at the jet injection plane. The lateral
distance, 2, is nondimensionalized by S, the dilution orifice
spacing.

The measured gas temperature distributions are presented in a
nondimensionalized form as:

Tm - T(X, ¥, 2)

Tm-Tj

(X, ¥, 2) =

where,

'rm or TMAIN = Mainstream stagnation temperature

Tj or TJET = Jet stagnation temperature
T(X, ¥, Z) = Stagnation temperaticre at the point (X, ¥, 2) in
the flow field,

f# is a measure of the temperature change due to the jet at any
point (X, Y, 2) compared to the maximum possible temperature
change. 6 can vary from 0.0 to 1.0. 6 = 0.0 when the local tem-
perature equals the mainstream temperature and 6 = 1.0 when the
local temperature equals the jet temperature. When the jet and
the mainstream are perfectly mixed, the local temperature reaches

ideal equilibrium temperature, T given by

EB’

m_ T, + my T,
TEB'(“’ jJ)

m, + ﬁj

The ideal equilibrium theta (OEB or THEB) is defined as
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8 Tm = Ten
EB L G O
m 3
This parameter, Opp provides a measure of the quality of the jet
mixing. The arithmetic average temperature (Tav) at any X plane
and the corresponding Bay » Eg: Tav are also presented with the
Tm- Tj
reduced data to provide the information on the average vclue of
the temperature field at that plane.

The measured 6 values are presented in three-dimensional
(isometric) plots at each X-station. The measured 0 values are
also presented in the form of isopleths for each X-station tor the
purpose of detailed comparison with correlations. These plots are
presented over a 2S span in the 2 direction by assuming symmetry
of the 6 distribution with respect to the midplane between two
orifices. This assumption was invoked only for the purpose of
improving the clarity of visual presentation of the temperature
distribution. The accuracy of this assumption depends upon the
uniformity of flow distribution across the jet orifices. Pre-
liminary tests were performed to erisure that the jet mass flow was
uniformly distributed over the entire orifice plate configuration.
The isometric plots provide a convenient means of pra»senting the
jet trajectory and mixing. Furthermore, a comparison of the data
and correlations is presented in a two-dimensional (2-5) plot of 6
versus Y/Ho along the 3jet centerplane at each of the X/H
stations.

o

The pressure recordings from the probe rake were used to com-
pute the velocity (V(X,Y,Z)) at the point (X,Y,Z). An interpola-
tion scheme was used to compute the total pressure (Pt) and static
pressure (Ps) values at the point where probe thermocouples are
located. From these total and static pressures, a nondimension-
alized velocity, V(x,Y,Z)/vj, was computed. V(X,Y,Z) is obtained
from
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V(X,Y,2) = (2 (P (X,¥,2) - By (%,¥,3)/p(X,¥,2)) Y2

The jet velocity, V4, is calculated from ORIGINAL PACE I8
OF POOR QUALITY

vy =4 ﬁ‘j / (pj N7D2 cD)

where D is the orifice diameter, N is the number of orifices, pj is
the jet density (Pj/RTj), and CD is the orifice discharge coeffi-
cient.

The orifice discharge coefficients were determined by measur-
ing the pressure drop across the orifice plate (without cross-
flow) for a range of mass flow rates. The discharge coefficient,
Cpr was obtained from the relation

e |2
AP = 1.99
P AC,

where, L is the corrected flow rate in lbm/sec

metric area of the orifices in square inches.

* . o )
Note: w_ = w 'JE_, B = 2é1§lr and & = —IBS1

c a § 9

and A is the geo-

The velccity vector in the vicinity of the jet injection
plane is predominantly in the radial direction. In such regions,
the velocity values obtained from the rake probe are not expected
to be accurate. For the sake of brevity, the measured velocity
distributions are not presented in thiz report. However, tables
of nondimensional velocity distribution, V(X,Y,2)/V,, will be pro-
vided for each test case in the Compreihensive Data ﬁeport (CDR) on
this program.

An important parameter relevant to the jet description is the
jet momentum ratio, J, defined as
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. where
Pj = Jet density
P = Mainstream density = Pm/(RTm)
Vj or VJET = Jet velocity at the orifice Vena Contracta
V, ©f VMAIN = Mainstream Velocity = mm/(PmAm)
Other flow narameters of interest are:
Blowing rate, M or BLORAT = pjvj/pmvm
Temperature ratio, TRATIO = Tj/Tm
Density ratio, DENRATIO = pj/pm
Velocity ratio = Vj/V;
The geometric parameters of importance associated with the orifice

configuration are: S/Dj and HO/D , where Dj is the effective jet
diameter defined by ]

Dy = pVcp
The quantities defined in this section define the geometric

and flow conditions of each test ~nd are reported along with the
reduced data.
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5.0 EXPERIMENTAL DATA OF POOR -

5.1 Series 1 Tests

The purpose of this series was to investigate penetration,
radial, and lateral mixing characteristics of cold and hot dilu-
tion jets with an isothermal, confined cross-flow in a constant
channel height of 10.16 cm. The main objectives of this series
were the following:

o Comparison with the NASA/Aerojet data

o Relative mixing characteristics of cold versus hot jet

injection.

A total of 12 data sets were taken with the orifice geo-
metrical description and nominal flow conditions 1listed in
Table III. Tests 1 through 8 ware repeats of the cases selected
from the Aerojet study to demonstrate reproducibility of the jet
mixing data from two different rigs. Typical comparison of data
from Aerojet and the present investigation is presented in
Figure 11 for the jet centerline plane at three axial stations

TARLE III. SERIES 1 TEST CONFIGURATIONS AND PLOW CONDITIONS

Mainstream Jet [ Region [Measurements In
Orifice [Velocity | Teap. | Velocity | Temp. ] Mowentum | Density jEquilibrium | of Axial Transverse
Test | Dia(D) VMALN THAIN VJIET TIRT Ratio Ratio Tenp Direction Direction
No. {cm) }8/D !°/D (m/sec) (og) {m/sec) (og) J DENRATIO THEB (x/8,) 3/8
1l 2.54 |2.0{ 4.0 15.8 650 26.0 aoe 5.7 2.11 0.176 0.5 ~ 2.0 0.0 to 1.0
2 2.54 [2.0] 4.0 16.3 651 52.0 308 21.6 2.13 0.270 0.5 - 2.0 0.0 to 1.0
3 2,54 |4.0) 4.0 15.2 649 25.9 307 6.1 2.12 0.107 0.5 - 2.0 =-0.5 to +0.5%
4 2.54 |4.0] 4.0 14.9 651 52.2 304 26.7 2.17 0.191 0.5 -~ 2.0| ~0.5 to +0.5%
5 1.27 j2.0) 8.0 15.0 649 51.9 308 25.3 2.13 0.169 0.5 - 2.0 0.0 to 1.0
6 1.27 |2.0] 8.0 15.1 630 103.6 299 107.8 2.29 0.302 0.5 - 2.0 0.0 to 1.0
7 1.27 j4.0| 8.0 15.2 651 $2.8 302 26.3 2,19 0.10% 0.5 = 2.0 | -0.5 to +0.°%
[} 1.27 [4.0] 8.0 15.1 649 104.1 299 109.0 2.30 0.181 0.5 - 2,0] <-0.5 to +0.5
9 2,54 |2.0| 4.0 18.4 306 109.4 511 31.0 0.62 0.183 0.5 - 2.0 0.0 to 1.0
10 2,54 |4.0] 4.0 18.2 293 103.3 408 30.6 0.66 0.102 0.5 - 2.0] =-0.5 to +0.5
11 1.27 |2.0| o.0 15.2 290 102.2 445 30.2 0.67 0,102 0.5 - 2.0 «0.5 to +0.%
12 1.27 j4.9] 8.0 15.3 29 7.6 457 30.5 0.65 0.062 0.5 ~ 2.0 0.0 to 1.0
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(X/Ho = 0,5, 1.0, and 2.0) for two values of jet momentum ratios (J
= 6.1 and 26.7) with S/D = 4 and HO/D = 4, The comparison, as
shown for Tests 3 and 4, of data from two different rigs is Juite
good. Alsc shown in Figure 11 is the predicted racial profiles,
using the NASA/Aerojet correlations.

The measured distribution of the nondimensionalized tempera-
ture, 6, for a momentum ratio (J) of 5.74 and uniform mainstream
temperature, using the orifice plate 01/02/04 (S/D = 2, HO/D = 4)
is presented in Figure 12. The top part of this figure shows the
isometric plot of the ¢ profiles at five axial planes of X/Ho =
0.5, 0.75, 1.0, 1.5, and 2.0. The geometrical and flow parameters
of interest are provided at the top of this figure. The bottom
part of the figure shows the measured 6 contours for the corres-
ponding axial planes. The contour values were selected to cover
the range of 6 values observed in the test. One of the contour
values selected is also the value equal to Opp ¢ which is 0.1759 in
this case. The locations of jet centerline and jet direction are
indicated by the arrows at the top of each contour plot and in the
isometric plots.

The mixing performance for any given configuration can be
estimated from the deviation of ¢ distribution about Opp- A small
deviation from OB characterizes nearly complete mixing of the
jet and the mainstream. The 9gp value for Test 1 is 0.1759, which
corresponds to Contour 3. 9gp contours are deformed by the pene-
tration of the jets. This deformation is gradually smoothed out
farther downstream. The location of the jet centerline can be
identified from the location of the largest contour value. For
Test 1, at X/H = 0.5, the jet centerline is inside Contour 9,
which is at Y/H = 0,34,

The spreading of the jets in the transverse direction can be
determined from the smoothness of the contour shapes. For this
test, the presence of the individual jets can be seen at X/H = 0.5
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and the jets quickly merge beyond X/H = 0.75. The locations of the
theta contour in the radial direction are not significantly dif-
ferent as x/Ho increases beyond 1.0. From the 6 profiles at x/Ho =
2.0 it can be seen that approximately the top half of the test sec-
tion has an air temperature less than the equilibrium temper-
ature, Tpps whereas the bottom half has hotter gases. This indi-
cates the jets have not penetrated the test section to the bottom
wall,

The predicted theta distributions for Test 1 (J = 5.74, S/D =
2, HO/D = 4) are presented in Figure 13, The predictions are
obtained using NASA/Aerojet correlations. The top part of this
figure shows the predicted theta contours while the bottom part
provides a comparison between measured and predicted radial pro-
files of theta along the jet centerplane. Details of the
NASA/Aerojet correlations are presented in Paragraph 6.1.

Although the predicted radial profiles are in good agreement
with the measured theta profiles, significant differences in the
theta contours can be observed. The predicted theta distributions
for this test case underestimate the transverse spreading of the
jets.

The measured theta distributions for Test 2 (J = 21.59, S/D =
2, HO/D = 4) with uniform mainstream temperature (Tm) are pre-
sented in Figure 14. In this case, eEB is equal to 0.2705. The
measurements show that for J = 21.59, the jet centerline at X/Ho =
0.5 is located at about ¥Y/H = 0.6 compared to 0.34 for J = 5.7
(Figure 12). At X/Ho = 0.5, the two jets can be separately iden-
tified and they merge gradually as X/H0 increases. The varia-
tion in the radial penetration of the jets with increasing down-
stream distance is insignificant. As in Test 1, there is a top-

cold and bottom-hot profile distribution,
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The predicted theta distributions for Test 2 are portrayed in
Figure 15. The agreement between the correlations and the data is
good up to X/l-lo = 1,0. Beyond this station, some differences in the
profiles are seen.

The measured data for Test 3, with uniform Tar J = 6.14, s/D
= 4 and HO/D = 4, are presented in Figure 16. In this test case,
the jets are located farther apart than the first two tests and
OEB = 0.1074. For a constant value of J, Ho/D' the effect of S/D on
the jet mixing characteristics can be inferred by comparing
Figures 12 and 16. For S/D = 4, the data clearly shows the
presence of two separate jets at all the axial stations. 1If the
half-width values (from the contours) are used, it can be seen
that the jets begin to merge oniy at X/Ho = 2.0, whereas
Figure 12 shows that the merging is essentially complete at
X/Ho = 1.0. Spreading of the contours in the radial direction
is significantly higher in Test 3 than in Tests 1 and 2. This
demonstrates that an increase in S/D results in improving the
radial mixing and decreasing the lateral spreading rate.

The predicted theta values for Test 3 are portrayed in
Figure 17. The NASA/Aerojet correlations slightly underpredict
the jet penetration and overpredict the 0 max for this configura-
tion,

The measured results for Test 4 with uniform Tpe J = 26.7,
S/D = 4, and HO/D = 4 are provided in Figure 18, For this test con-
dition with OEB = 0.1915, data reveals the jets are impinging on
the opposing test section wall. The mixing in both the radial and
transverse directions 1is substantially enhanced farther down-
stream as compared to Test 2 with §/D = 2 (Figure 14).

An optimum dilution orifice spacing is quite important to
acihiieving the desired radial profiies. The profiles from Test 2
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(Figure 14) and Test 4 (Figure 18) clearly illustrate this impor-
tance. The amount of dilution air in Test 2 is approximately
twice that of Test 4. At the same values of orifice diameter and
J, Test 2 provided a Qub-peak (hot near the bottom wall) profile,
whereas in Test 4 a tip-peak profile was achieved.

The predicted results for Test 4 are presented in Figure 19.
Initially the correlations underpredict jet penetration, but far-
ther down, jet impingement is predicted to occur between 1,0 and
1.5 H,. The predicted radial profiles are in good agreement with
the data at X/H = 2.0.

In the next four tests, the effects of HO/D parameters on the
mixing characteristics were studied. In these tests, the jet ori-
fice diameter was reduced to 1.27 cm and the channel height was
unchanged. The resultant value of HO/D was 8.

The measured theta distributions for Test 5 with uniform Tm’
J = 25,32, s/D = 2, and HO/D = 8 are presented in Figure 20. This
orifice plate (01/02/08) is characterized by 12 closely spaced,
small holes (D = 1.27 cm) and a large duct height to diameter
ratio. For this plate at a momentum ratio of 25.32, the data shows
the jets have spread quickly in the transverse direction and no
individual jet shapes can be identified even at X = 0.75 H,. The
gradual radial spreading of the contours demonstrates the slow
radial jet spreading rate.

The predicted results for Test 5 are included in Figure 21.
The predicted profiles are in good agreement with the data. The
theta contour lines in both predicted and measured data are essen-
tially horizontal, indicating the completeness of the mixing in
the transverse direction., The predicted radial proftlles are in
very good agreement with the data in the entire mixing region of
interest,
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The data for Test 6 with uniform Tm' J = 107.8, $/D = 2, and
HO/D - 8 are depicted in Figure 22. As observed in the results for
Test 5, the jet spreading in the transverse direction is nearly
complete, even at X/Ho = 0,5 compared to 0.75 in the previous test
with J = 25. The data shows that even for the high momentum ratio
of 107.8, the jets do not impinge on the opposing wall. This
results in bottom-hot profiles at all axial planes.

The predicted results for Test 6 are presented in Figure 23.
The predicted profiles are in good agreement with the data up to
X/H = 1.0. Beyond this station, the predictions show different
trends compared to the data.

The measured data for Test 7 with uniform Tper J = 26.3, s/D =
4, and Ho/D = 8 are portrayed .n Figure 24, 1In this test, an
orifice plate with six holes of ).,27-cm diameter was used. For
this test condition, the data shows that at X/H = 0.5, the two jets
are separatcly identifiable. The two jets spread in the trans-
verse direction gradually as X/Ho increases. The gradual spreading
of the contours in the radial direction with increasing X/HO
describes the radial mixing characteristics. The mixing charac-
teristics for this orifice plate (01/04/08) are similar to that of
orifice plate 01/02/04 (compare Figures 14 and 24) at the same
momentum ratio, J.

The predicted results for Test 7 are presented in Figure 25,
The predicted profiles are in good agreement with the data, With
increasing hole spacing(S), the jet penetration is increased, as
was shown previously for the 2,54-cm orifice diameter.

Figure 26 portrays the measured data for Test 8 with uniform
T J = 109.0, s/D = 4, and HO/D = 8, For this momentum ratio, the
data reveals that the jets impinge on the opposite wall at X/Ho =
0.5. The contour plots show significantly enhanced radial and
transverse directions at stations farther downstream. It may be
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recalled that for a comparable J value no impingement was observed
with orifice plate 01/02/08, again indicating an increase in pene-
tration with increasing S/D. The predicted results for Test 8 are
presented in Figure 27. The predictions underestimate the jet
penetration at X/Ho = 0.5 and 0.75. Jet impingement is predicted
at x/Ho = 1.0, while the data shows jet impingement at X/Ho = 0.5.
A similar trend was also observed for orifice plate 01/04/04.

The next four tests demonstrate the effect of density ratio.
In these tests, a cold mainstream and hot jets were used. Tests
were conducted with all four orifice plates and uniform mainstream
temperature distribution.

Figure 28 portrays the measured data for Test 9 with heated
jets at J = 31.0, S/D = 2, and HO/D = 4, Comparison of these data
with the results for cold jets at a comparable momentum ratio, J,
and the same S/D and HO/D (Figure 14) reveals very similar 6 dis-
tributions.

The predicted results for Test 9 are presented in Figure 29.
It is emphasized that the NASA/Aerojet correlations dc not explic-
itly include the effects of density ratio since it was considered
to be of second order in magnitude. However, the density ratio is
taken into account in determining the nondimensional equilibrium
temperature, 6pq, which is used for predicting the theta distribu-
tion. Comparison between Figures 29 and 15 shows very nearly the
same type of profiles. These comparisons reveal the effect of
density ratio on the jet mixing characteristics is relatively
weak.

Test 10 was performed with heated jets at J = 30.64, using
orifice plate 01/04/04 (S/D = 4, HO/D = 4). The measured theta dis-
tributions for Test 10 are depicted in Figure 30. For this case,
jet impingement is observed at x/Ho = 1.0. At X/Ho = 0.5 and 0.75,
the jets are separate. Beyond the point of impingement, an
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enhanced mixing in radial as well as transverse direction is
evident.

The predicted results for Test 10 are provided in Figure 31,
The predicted profiles are in good agreement with the data. Com-
parison of this figure with Figure 19 shows that for a comparable
momentum ratio, jet impingement on the opposite wall is observed
with cold jets even at X/Ho = 0.5. However, the § profiles for hot
and cold jet cases are very similar.

Figure 32 shows the data for Test 11 with hot jets, J =
30.19, s/D = 2, and HO/D = 8, The jet spreading in transverse
direction is faster compared to that in the radial direction,

The predicted results for Test 11 are presented in Figure 33,
The predicted @ profiles are in good agreement with the data
although the predicted 6 values are slightly higher than the mea-
sured values. Notwithstanding this difference, which is of
second-order magnitude, the correlations show the same nature of
jet mixing characteristics as the data. The data for this case
are very similar to the characteristics for cold jet injection
(Figure 20).

The measured theta distributions for Test 12 with heated
jets, J = 30.53, S/D = 4, and HO/D = 8 are presented in Figure 34.
The data shows the presence of two individual jets at X/Ho = 0.5.
The two jets mix well with each other rapidly, and at X/Ho = 1.5,
the mixing is nearly complete, as indicated by nearly horizontal
contour lines. The radial jet spreading rate is slower compared
to that in the transverse direction.

The predicted results for Test 12 are presented in Figure 35.
The predicted profiles have the same shape as the data, and the
predicted ¥ values are slightly higher than the measured values.
The ¢ distributions for heated jets are quite similar to that for
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cold jets, indicating a weak influence of density ratio on jet
mixing characteristics.

The first 12 tests presented thus far cover the Series 1
tests. In analyzing these tests, the parameter, orifice spacing (S)
to duct height (H) ratio, S/H, was considered only implic-
itly. For the orifice plate 01/02/08, S/H = 0.25, while S/H = 0.5
for orifice plates 01/02/04 and 01/04/08 and S/H = 1.0 for orifice
plate 01/04/04. From the results presented in this paragraph
(5.1), it 1is seen that the transverse or lateral mixing is
enhanced as S/H decreases. Furthermore, the jet penetration is
increased with increasing value of S/H., As reported in Refer-
ence 2, the coupling of J and S/H parameters is thus an important
criterion for describing the jet penetration and mixing character-
istics.

5.1.1 Conclusions for Series 1 Tests

The Series 1 tests were conducted with constant duct height
and uniform cross-flow temperature distribution. Four different
orifice plate geometries were used to study the jet mixing charac-
teristics., From these test data, the following conclusions are

made:

o A gond acreement between the present data and previous
data and correlations (References 1 through 4) has been
obtained.

o The jet penetration distance (Yc/Ho) increases with
increasing momentum ratio (J) and orifice diameter (D).

Ke) For a given duct height to diameter ratio (HO/D), the

lateral mixing, that is, the jet spreading rate in the
transverse direction, 1is enhanced with increasing
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momentum ratio, J, and decreasing spacing to diameter
ratio, S/D.

o For a given S/D, the lateral mixing is increased with
increasing J and HO/D.

o The radial mixing, that is, the jet spreading rate in the
vertical direction, is enhanced with increased jet pene-
tration. This is highlighted in the case of jet
impingement on the opposite wall.

by
-
3

o The penetration of a hot jet in a cold cross-flow is
very similar to that of a cold jet in a hot cross-flow
at constant J. Although the hot jet penetration is
8lightly smaller (less than 5 percent) than the cold jet
penetration at X/Ho = 0.5, the differences are minimal
farther downstream. Thes density ratio effects are, at

i Rkl 2

S i

best, of second-order magnitude and can be neglected for
a first-order approximation, provided the momentum
ratio values, J, are the same. i

o The NASA/Aerojet correlations are accurate to first
order and provide a useful tool for predicting the jet

thermal centerline trajectory and temperature profiles.
The temperature profiles are well described by the cor-
relations except very close to the jet injection plane,
especially when jet impingement occurs,

5.2 Series 2 Tests

The objective of this series of tests was to investigate the
interaction of the jets with a non-uniform cross-flow temperature
distribution in a constant area duct. A non-uniform mainstream
temperature profile is generated by using the profile generator as
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described in Section 3.0. Six tests were conducted in Series 2 :
with orifice geometries and nominal flow conditions as listed in §

Table 1IV. . i
TABLE IV, SERIES 2 TEST CONPIGURATIONS AMD PLOM COMDITIONS 3

Orifice T!!:T:!'Pf.'ys . Vﬂ?c'l%ﬁ"ﬁ' Nomentum | Density |Bquilibrium oﬂtﬁl u“i.r“:::\.:::o " ¢
Test Dh(?) VMAIN TMAIR viET TIET Ratio Ratio Tenp Dictection Direction
do, (cm; |8/D| B /D] (m/sec) | (of) | (m/sec) | (og) J DEWRATIO THES "VLQL 3/8
13 2.%4 2.0 4.0 16.9 524 $9.7 194 22.6 1.81 0.312 0.5 - 2.0 0.0 to 1.0
U] 2.54 |e.0)] 4.0 15.4 672 8.4 3os 7.5 2.21 0.114 0.5 - 2.0] ~0.5 to +0.8%
18 1.27 |2.0| 8.0 18.3 616 109.3 297 109.9 2.07 0.30) 0.5 - 2,0| -0.% to +0.5 .
16 1,27 j4.0| 8.0 18.1 867 63.0 il 22.6 1.86 0.100 0.5 - 2.0 0.0 to 1.0
1? 2.54¢ J3.0} 4.0 16,9 LE] ] 7.9 303 22.1 1.80 0,308 0.5 - 2.0 0.0 to 1.0
10 1.27 |4.0]| 8.0 18.2 548 72.2 117 7.7 1.76 0.107 0.5 - 2.0| -0.5 to +0.%

Tests 13 through 16 were conducted with the mainstream tem-
perature profile cold near the jet exit plane (top) and hot at
the bottom of the duct. These test conditions are referred to as
"top cold".

Tests 17 and 18 were conducted with an inverted temperature
profile: hot at the top and cold at the bottom, These two test . i
conditions are identified as "top hot".

The temperature profiles used for these six tests are
depicted in Figure 36, in a nondimensionalized form, ¢ _:

i o e

P
0,(y) = Tmax TP(Y)
P Thax™ Tj
where
Tmax = Maximum value of the profiled mainstreaom stagnation

temper ature

Tp (y) = Local value of the mainstream star..ation temperature
upstream of the jet injectior plane.
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Tj = Jet stagnation temperature.

The nondimensionalized temperature variable, ¢, represents
the ratio of the actual temperature change due to the dilution
jets to the maximum possible temperature change for any given flow
condition. Consequently, the value of ¢ will always be between 0
and 1. For Series 2 tests, the maximum possible temperature
change is (Tmax - Tj)' Thus, the definition of 6 is modified for
the tests with profiled mainstream as

(T
(T

- T)
- Tj)

0= max

max

where T is the local temperature in the mixing region. To be con-
sistent with this definition of theta, the NASA/Aerojet correla-
tions were also modified. Details of the modifications are
included in Paragraph 6.1.

The measured theta distributions for Test 13 with top cold
profile, J = 22.63, ¢/D = 2, and HO/D = 4 are presented in
Figure 37. An extent of the radial and lateral jet spreading
rates can be obtained from the distortion and spreading of the
contours.

Frr Test 13, at x/no = 0.5, two distinct jets can be asso-
ciated with the dip in the contours around the jet injection loca-
tions. However, at X/Ho = 1.0 and farther downstceam, the contour
lines tend towards a horizontal 1line, indicating a tendency
towards complete lateral mixing., It is also interesting to note
that once the contour lines become nearly horizontal, the spread-
ing in the radial direction is enhanced.

Figure 3% portrays the predicted theta distributions for
Test 13. The predicted results were obtained by superposing the

mainstream theta profile, gp(Y), on the NASA/Aerojet correlations
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for uniform mainstream temperature. Detailed descriptions of
these correlations are provided in Paragraph 6.1. The predicted
theta profiles are not in good agreement with the data, although
they show the same qualitative profiles. This suggests that the
superposition method 1is perhaps valid if a suitanle scaling
parameter is employed for the profiled@ mainstream theta, 9p(Y).

The measured theta distritutions for Test 14 with top cold
profile, J = 7,5, S/D = 4, and H/D = 4 are presented in Figure 39,
In these figures, the modulation of the 49 concours around the
location of the jets is evident. Comparison of these figures
with those in Figure 37 shows & substantial reduction inr both
lateral and radial mixing. This is largely uue to the lower
J value and a higher S/Ho ratio,

The predicted theta distributions for Test 14 are presented
in Figure 40. The predicted profiles seem to overestimate the
lateral mixing, while the jet centerplane radial profiles are in
qualitative agreement with the measured profiles. It is also
interesting to note that the major part of the differences between
the data and correlations is in the region where the profiled
mainstream temperature is cold (near the top for this test case).

The data for Test 15 are depicted in Figure 41. This test
was conducted with c(op cold profile, J = 109.9, S/D = 2, and HO/D =
8. The f contours are nearly flat, even at X/Ho = 0.5, indicating a
high lateral mixing. The gradual movement of the contour loca-
tions towarcd the top wall provides an idea of the relatively slow
jet spreading rate in the radial direction. The dominance of the

mainstream profile is clearly seen in the isometric plots.

The predicted results for Test 15 are portrayed in Figure 42.
The predicte2 contours are horizcntal lines, indicating the high
lateral mixing rate, The radial profiles between the data and
correlations are again in gualitative agrcement.
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Figure 43 depicts the measured theta distributions for
Test 16, with top cold profile, J = 22,55, S/D = 4, and HO/D = 8.
At X/HU = 0.5, the 6 contours are modulated by the jet and these
distortions are gradually smoothed out farther downstream. The
spread of the contours in the radial direction is gradual,
indicating a slow radial mixing rate.

The predicted results for Test 16 are presented in Figure 44.
The radial profiles are in good agdreement near the bottom and in
qualitative agreement near the top. This trend was also noted in
Tests 13 through 15.

The next two tests were conducted with an inverted mainstream
temperature profile, namely, hot at the top and cold at the bot-
tom. Figure 45 portrays the measured results for Test 17 with top
hot mainstream temperature profile, J = 22.14, S/D = 2, and HO/D =
4, The isometric plots show the dominance of the profiled main-
stream. At X/Ho = 0.5, the distortion of the 6 contours around the
jet injection indicates the extent of jet penetration. These dis-
tortions are smoothed out at x/H° = 1.5. The radial mixing charac-
teristics are seen from the relatively rapid changes in the con-
tour locations in the radial direction.

Figure 46 portrays the predicted theta distributions for
Test 17. The predicted profiles are in good agreement with the
data, especially at X/Ho = 0.5. It is also interesting to note
that the differences in the profiles between data and correlations
are more pronounced in the colder part of the duct (near the bottom
in this test case).

The measured theta distributions for Test 18 with top hot
mainstream temperature profile, J = 27.69, S/D = 4, and HO/D = 8 are
presented in Figure 47. As observed in the previous test case,
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the lateral mixing appears to be rapid. The dominance of the pro-
filed mainstream on the theta distribution throughout the mixing
region is seen clearly in the isometric plots.

Figure 48 presents the predicted theta distributions for
Test 18. The predicted profiles are in good agreement with the
measurements, especially at stations closer to the jet injection
plane (X/H° = 0.5 - 1.0).

5.2.1 Conclusions for Series 2 Tests

Series 2 tests consisted of six tests with constant height
duct and profiled mainstream temperature distribution., The main-
stream temperature profiles employed included both top cold and
top hot profiles. Four orifice plate configurations were used to
study the jet mixing characteristics. The following conclusions
are made from these tests:

o A new definition for nondimensional temperature, 6, is

needed for analyzing the jet mixing characteristics.

o The jet spreading characteristics with profiled main-
stream are very similar to those with uniform mainstream
temperature profile.

o The radial temperature profiles in the mixing region are
stronyly influenced by the mainstream profiles upstream
of the jet injection plane.

o} The superposition procedure used for modifying the
NASA/Aerojet correlations is reasonably good. This is
seen from the good qualitative agreement between the
data and correlations. Some of the differences in the
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agreements may be due to the distortion of the main-
stream temperature profile downstream of the jet injec-
tion plane. These differences between correlations and
data can be reduced by using an appropriate scaling
parameter on the superposition scheme employed.

5.3 Series 3 Tests

The objective of the Series 3 tests was to investigate the
penetration and mixing characteristics of cold dilution jets ;
injected into an isothermal cross-flow in a converging duct.
These tests can be divided into two segments based upon the geo-
metry of the convergent ducts:

o Symmetric convergence (Test Sections II and IV)

o Asymmetric convergence (Test Sections V and VI)

For each of the test sections, two orifice plates (01/02/04
and 01/04/08) were used, and two momentum ratios were selected for
each orifice plate. A total of 16 tests were performed in
Series 3 with orifice geometrical description and nominal flow
conditions as listed in Table V. Tests 19 through 26 were con-
ducted with symmetrical convergence, and Tests 27 through 34 were
conducted with an asymmetrically convergent test section. All the
convergent test sections used in these tests (shown in Figure 5)
have the same area ratio, Ao/Amin = 2, where Ao is the duct area at
the jet injection plane and Anin is the minimum area of the duct.
The results for symmetric convergence are presented in Paragraph
5.3.1 and for asymmetric convergence in Paragraph 5.3.2.

5.3.1 Symmetric Convergence Test Sections

The two symmetric convergence test sections used in these
tests were Test Sections II and 1V, (See Figure 5.,) Uniform
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TABLE V. SERIERS 3 TRST COMPIGURATIONS AND PLOM COMDITIONS

Oritice) WH%%ETW?YE—JTE%W nomentum | Density lqnlubnul o?ql\{?:l .;ru::::-nt?c " ‘
Test | Dia(D) VMAIN TMAIN VBT TIE? Ratio Ratio Temp | Direction Direction
No. {om} {8/D l°/D (m/sec) (0‘) (n/sac) (o‘) J DENALTIO TED (l/lc) 3/8
19 1.27 [ 4.0] 8.0 15.9 656 57.1 330 27.1 2.02 0.106 0.25 to 2.0/ 0.0 to 1.0 .
20 1.27 j 4.0] 8.0 15.5 645 106.4 314 102.5 2.19 0.188 0.25 to 2.0] 0.0 to 1.0
21 2.54 | 2.0] 4.0 15.8 654 2,1 ' 208 6.7 2.1} 0.197 0.50 to 2.8] 0.0 to 1.0 R
22 2.54 2.0} 4.0 15.8 654 4.5 304 26.1 2.18 0.307 ]0.50 to 2.0/ 0.0 to 1.0
23 1.27 j4.0] 8.0 17.0 646 *l.e 132 21.1 2.10 0.097 0.25 ¢to 1.0{ -0.5 to +0.5
24 1.27 [ 4.0} 8.0 16.9 643 108.1 3i1 85.8 2,07 0.178 0.25 to 1.0f ~0.5 to +0.35
a5 2.54 j2.0] 4.0 15.1 6L 1.1 322 6.7 2.00 0.183  10.50 to 1.0 0.0 to 1.0 :
26 1.27 j 4.0] 8,0 14.9 641 85.1 330 26.7 1.96¢ 0.299 0,50 to 1.0} 0.0 to 1.0 5
27 1.27 | 4.0} 8.0 16.1 646 58,7 320 27.2 2.05 0.107 0.25 to 1.0] 0.0 to 1.0 ;
20 1.27 [4.0] 8.0 16.0 643 112.Y 319 106.7 2.02 0.189 0.25 to 1.0f 0.0 to 1.0
29 2.54 {1 2.0] 4.0 15.7 645 9.1 214 7.1 2.06 0.198 0.50 to 1.0] ~0.5 to +0.5
30 2.54 | 2.0} 4.0 15.6 646 56.4 314 27.3 2.09 0.315 0.50 to 1.0/ ~0.5 to +0.3
31 1.27 | 4.0| 0.0 16.4 649 58.6 320 26.6 2.07 0.107 0.25 to 1.0/ -0.5 to +0.%
32 1.27 { 4.0] 8.0 16.5 [ 116.0 EY 3§ 107.8 2.18 0.189 0.25 to 1.0] -0.5 to +0.5
33 1.27 | 2.0] 4.0 16.3 [ 29.5 301 7.1 2.17 0.197 0.50 to 1.0f -0.5 to +0.5
-4 2.5%54 | 2.0] 4.0 16.2 651 55.9 297 26.4 2.23 0.314 0.50 to 1.0f ~0.5 to +0.5

mainstream temperature and velocity profiles were generated at the
jet injection plane. All these test sections have a duct height H
(Ho) of 10.1€ cm at the jet injection plane.

Test Section II is a symmetrically convergent duct with
channel height reduction from 10.16 cm (4 in,) to 5.08 cm (2 in.)
over a length of 20.32 cm (8 in.). Test Section IV has a channel
height reduction from 10.16 cm (4 in.) to 5.08 cm (2 in.) over a
length of 10.16 cm (4 in.).

s R
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Since the Series 3 tests were performed with uniform main- §

stream temperature profiles, the definition of theta needed for
analyvzing these data is identical to those used in Series 1, :
namely, §
oo m T
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where

Tm = Mainstream stagnation temperature
T = Local stagnation temperature
Tj = Jet stagnation temperature

The measured theta distributions for Test 19 with Test Sec-
tion I1I, J = 27.09, S/D = 4, and HO/D = 8 are portrayed in Fig-
ure 49. For Test Section II, the jet injection angle is
97.1 degrees and measurements were made at four axial planes. For
orifice plate 01/04/08, the measurements were taken at
x/Ho = 0.25, 0.5, 1.0, and 2.0. Figure 49 shows the presence of
two distinct jets at X/Ho 0.25 and 0.5. At X/Ho = 1.0, the two
jets begin to diffuse with each other and at X/Ho = 2, the contour
lines are almost horizontal, indicating nearly complete mixing in
the lateral direction.

Comparison of Figures 49 and 24 reveals the effect of conver-
gence on the jet mixing characteristics. These two figures cor-
respond to the same orifice configuration at a comparable momentum
ratio. For both cases, the jet centerline is located at about
50 percent of local channel height at X/Ho = 0.5 and 1.0. The jet
spreading rate in the radial direction is significantly faster in
the convergent duct than in the constant area duct. The jet
spreading rates in the transverse direction for the two cases are
nearly the same.

The predicted theta distributions for Test 19 were obtained
by modifying the NASA/Aerojet correlations for a convergent duct.
In a convergent duct, the local mainstream velocity, Vi (X)
increases with X according to the relation

Vm(X) ) Ao

v, - T A(X)
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where A is the duct cross-sectional area at the jet injection
plane, A(X) is the local duct cross-sectional area, and Vo is the
mainstream velocity at the jet injection plane. For low Mach num-
bers, the density variation with X can be neglected. Thus, the
equivalent momentum ratio at any axial station can be expressed
as:

2 [ 2 2
Boe—i3 .20 o
eq
Po VoS (X)  pp VSV 4(X)
ax)\ 2
Thus, Jeq = Jo A
o]

where Jo is the momentum ratio at the jet injection plane. Pre-
dictions for convergent ducts were obtained by using the equiva-
lent momentum ratio, Jeq' in the NASA/Aerojet correlations. These
results are presented in Figire 50 for Test 19. The predicted
radial theta profiles are in very good agreement with the data at
X/Ho = 0.25 and 0.5. The agreement between data and correlations
is qualitatively good at X/Ho = 1.0 and X/H, = 2.0. The acceler-
ating flow in the convergent duct enhances mixing in radial and
transverse directions. Although the correlations correctly pre-
dict the jet penetrations, the enhanced mixing due to convergence

is not properly taken into account.

Figure 51 illustrates the measured theta distributions for
Test 20 with Test Section II, J = 102.5, S§/D = 4, and HO/D = 8.
For this condition, the jets impinge on the opposite wall even at
X/Ho
tion. The theta distributions for this case are similar in char-

= 0,25, followed by a rapid mixing in the transverse direc-

acteristics to those with constant area duct. (See Figure 26.)

The predicted results for Test 20 are presented in Figure 52.
The predicted profiles are in very good agreement with the data at
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x/Ho = 1.0 and 2.0. In regions closer to the jet injection plane,
the jet penetration is underpredicted. 1It is recalled that even
in Series 1 test cases, the NASA/Aerojet correlations underpre-
dicted the jet penetrations for high momentum ratios.

The measured theta distributions for Test 21 are shown in
Figure 53. Test 21 was performed with Test Section II, J = 6.7,
§/D = 2, and HO/D = 4, For this orifice plate, measurements were
taken at X/Ho = 0.5, 0.75, 1.0, and 2.0. At the momentum ratio of
6.76, the jets penetrate to about Y/H = 0.4 at x/Ho = 0.5 and
gradually diffuse in radial and transverse directions. The radial
mixing rates in this case are slightly faster than that with
uniform duct height at the same momentum ratio. (See Figure 12.)

The predicted results for Test 21 are presented in Figure 54.
The predicted theta profiles are in good agreement with the data
at X/Ho = 0.5. Beyond this station, the predicted theta values
are slightly larger, but the shapes of the 6 profiles are cor-
rectly predicted.

The measured theta distributions for Test 22 with Test Sec-
tion 11, J = 26.07, S/D = 2, and HO/D = 4 are illustrated in Fig-
ure 55. For this momentum ratio, the jet penetration is about
60 percent of the local duct height at X/Ho = 0.5, the jets grad-
ually diffuse deeper, and at X/Ho = 2.0, the jet centerline is
located near Y/H = 1.0.

The predicted theta values for Test 22 are portrayed in Fig-
ure 56. The predicted radial profiles are in good agreement with
the data, especially in regions close to the jet injection plane.
The predicted theta values are slightly higher than the measured
values although the profile shapes .are correctly predicted.

The next four test cases correspond to the measurements taken
with Test Section IV. The measured theta distribution with Test
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Section 1V, J = 21.07, S/D = 4, and HO/D = 8 are presented in Fig-
ure 57. At X = 0.25, two separate jets are observed which rapidly
diffuse in the lateral direction. For Test Section IV, the jets
are injected at an angle of 104 degrees. The upstream component
of the jet momentum tends to enhance the mixing in both radial and
transverse directions,

Comparison of Figures 57 and 49 shows the effects of
different convergence rates. For Test Section IV, at X/Ho = 1,
the area ratio, AO/A, is 2.0. For Test Section 1II, at X/Ho =1,
the area ratio, AO/A, is 1.33. With increasing convergence rate
(area ratio), jet penetration is also increased. Furthermore, the
lateral jet spreading rate is increased with increasing area
ratio.

The predicted results for Test 23 are presented in Figure 58,
The predicted distributions are at best in qualitative agreement
with the data. The correlations underpredict the jet penetration,
Some of these differences are due tc the effects of jet injection
angle, which are neglected in the correlations. Furthermore, the
predicted theta values are slightly higher than the measured
values,

The measured theta distributions for Test 24 with Test Sec-
tion IV, J = 85.84, S/D = 4, and HO/D = 8 are presented in Fig-
ure 59. For this momentum ratio, the jets impinge on the opposite
wall, followed by an enhanced lateral mixing. Figure 60 illus-
trates the predicted theta profiles for Test 24. The predicted
profiles are in poor agreement with the data. The correlations
underpredict the jet penetration,

The measured theta values for Test 25 with Test Section 1V, J
= 6.73, S/D = 2, and HO/D = 4 are shown in Figure 61. For the low
momentum ratio of 6.73, the jets penetrate up to about 40 percent
of the local channel height. The mixing in the transverse direction
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is very slow, as evidenced by the contour shapes. The predicted
results for Test 25 are portrayed in Figure 62. For this case,
the correlations overpredict the penetration and the predicted
theta values are significantly higher than the measured values,

Comparison of Figures 61 and 53 shows that the mixing charac-
teristics for Test Section IV are very similar to that of Test
Section 1II.

The data for Test 26 with Test Section IV, J = 26.73, S/D =
2, and HO/D = 4 are illustrated in Figure 63. 1In this case, the
jets penetrate up to about 65 percent of the channel height at
X/Ho = 0.5 and gradually reach the bottom wall at x/Ho = 1.0. The
individual jet contours are clearly seen until the jet centerline
reaches the opposing wall. The predicted results for Test 26 are
presented in Figure 64. The predicted profiles are in good quali-
tative agreement with the data. The predicted theta values are
higher in magnitude compared to the measured theta values. The
jet mixing characteristics for this case are very similar to those
with Test Section II. (See Figure 55.)

5.3.2 Asymmetric Convergence Test Sections

The following eight tests (Tests 27 through 34) were per-
formed with asymmetric Test Sections V and VI. Test Section V is
a duct with rectangular cross-section with a flat wall on one side
and a slant wall on the opposite side, such that the channel
height reduces from 10.16 cm (4 in.) to 5.08 cm (2 in.) over a
length of 10.16 cm (4 in.). The jets are injected from the flat
wall (jet injection angle is 90 degrees).

Test Section VI has the same geometry as Test Section V, but

the jets are injected from the slant wall. The geometry of the
test sections is illustrated in Figure 5.
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The tests with asymmetric converging ducts were performed
with orifice plates 01/02/04 and 01/04/08, with two momentum
ratios for each orifice plate as listed in Table V. Measurements
were made at x/no = 0,25, 0.5, and 1.0 with orifice plate 01/04/08
and at X/Ho = 0,5, 0.75, and 1.0 with orifice plate 01/02/04.

The measured theta distributions with Test Section Vv, J =
27.18, S/D = 4, and HO/D = 8 are portrayed in Figure 65. At X/Ho =
0.25, the jet centerline penetration is at about Y/H = 0.5 and the
jet gradually penetrates farther with increasing x/Ho, but does
not reach the opposite wall,

Figures 57 and 65 provide a comparison between the jet mixing
characteristics for symmetric convergence and asymmetric conver-
gence with flat wall injection. These two figures show nearly the
same theta distribution at all x/Ho locations. This suggests that
the jet mixing characteristics for flat wall injection are almost
idcntical to that in a symmetrically convergent duct at the same
orifice and flow conditions.

The predicted results for Test 27 are presented in Figure 66.
The predicted profiles are in very good agreement with the data
except at x/Ho = 1.0, The theta values predicted are slightly
higher than the measured values at most of the axial stations.

The measured theta values for Test 28 with Test Section VvV, J
= 106.7, S/D = 4, and HO/D = 8 are presented in Figure 67. For
this momentum ratio, the jets impinge on the opposite wall at X/Ho
= 0.25. The jets mix rapidly in both radial and transverse direc-
0.5. The pre-
dicted results for Test 28 are shown in Figure 68, The predicted

tions. The jets merge with each other at X/Ho

theta radial profiles are in good agreement with the data.

In this test case, measurements were made only up to Y/H =
0.75 at x/Ho = 0,25, However, the contour plots for these cases
were obtained by using extrapolated values beyond that region.
The extrapolated values were obtained by using a cubic spline



curve fit. This was done only for the purpose of clarity in
presenting the data.

Comparison of Figures 67 and 59 shows that the asymmetric
convergence with flat wall injection has the same theta distribu-
tion as the symmetric convergence with the sa~ - area reduction.

The test results for Test 29 with Test Section Vv, J = 7.07,
s/D = 2, and HO/D = 4 are illustrated in Figure 69. At this low
momentum ratio, the jets remain separate as far downstream as x/H°
1.0. The radiai and lateral mixing rates are quite slow as
evidenced by the shape and size of the contours. The predicted
results for Test 29 are presented in Figure 70. The predicted
radial profiles are in qualitative agreement with the data, and
the predicted theta values are significan’ly higher than the mea-

sured values. This trend has been observed for most of the
Series 3 tests. Furthermore, the predicted jet penetrations are
slightly deeper than that seen from the test data for this case.
The theta distributions for this test case are very similar to
those with symmetric convergence. (See Figures 61 and 69.)

The measured theta values for Test 30 with Test Section VvV, J
= 27.31, S/D = 2, and HO/D = 4 are presented in Figure 71. At X/Ho
= 0.5, the jets penetrate up to about 65 percent of local channel
height and they gradually reach the opposite (slant) wall at
X/Ho = 1. The jet spreading rate in the radial direction appears
to be faster than that in the transverse direction. The predicted
theta distributions for Test 30 are portrayed in Figure 72. For
this test condition, the predicted and the measured radial pro-
files are in good agreement at x/Ho = 0.5 and are in only qualita-
tive agreement farther downstream. As observed in the other test
cases in Series 3, the predicted theta values are slightly higher
than the measured values. Figures 71 and 72 show distributions
very similar to those in Figures 63 and 64. This re-nwphasizes
the similarity in the jet mixing characteristics of Test Sec-
tions IV and V.
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The following four test cases were taken with Test Sec-
tion VI, where the dilution jets were injected from the slant
test section wall. The jet injection angle for these cases is
106.6 degrees., The jets are injected in the upstream direction,
ard are expected to alter the mixing characteristics compared to
the 90-degree injection case associated with Test Section V. Com-
parison of the data for these two test sections provides infor-
mation about the mixing characteristics at two different injection
angles with asymmetric convergence.

The measured theta distributions for Test 31 with Test Sec-
tion VI, J = 26.59, S/D = 4, and HO/D = 8 are given in Figure 73.
At x/Ho = 0,25, the jet penetration is at about 60 percent of
local duct height and the penetration gradually increases farther
downstream. TiLe lateral mixing is significantly higher for this
test section compared to that with Test Section V. (See Figure
65.) This is primarily due to the upstream injection.

The predicted theta distributions for Test 31 are portrayed
in Figure 74. The correlations underpredict the jet penetration
and overestimate the theta values compared to the measurements.
The correlations do not properly account for the effects of the
jet injection angle, which is primarily responsible for the poor
agreement with the data.

Comparison of Figures 74 and 66 reveals that the correlations
predict the profiles more accurately for flat wall injection than
for slant side injection. Furthermore, it is seen that the jet
penetration with slant side injection 1is deeper than that
with flat wall injection,

The measured data for Test 32 with Test Section VI, J =
107.8, §/D = 4, and HO/D = 8 are illustrated in Figure 75. For
this momentum ratio, the jets impinge on the opposite (flat) wall,
A comparison of figure 75 with Figure 67 for flat wall injection
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at a comparable momentum ratio shows that with the slant wall
injection, the jet spreading rate in the transverse direction is
significantly faster, while the radial jet spreading rates are
nearly the same. The predicted results fuor Test 32 are illus-
trated in Figure 76. The correlations underpredict the penetra-
tion at X/Ho = 0.25 and 0.5, and the agreement between data and
correlations is poor. At X/HO = 1.0, the agreement between the
two centerplane profiles is very good.

Figure 77 illustrates the data for Test 33, with Test Seac-
tion vi, J = 7,05, S/D = 2, and HO/D = 4, The jets penetrate to
about 40 percent of the duct height at X/Ho = 0.5 and the jet cen-
terline and gradually return to the injection wall. Comparison
of this figure with Figure 69 shows that for slant wall injec-
tion at J = 7.05, the lateral jet spreading rate is slightly
faster than that for flat wall injection. The radial jet spread-
ing rates are not significantly different between these two cases.
The predicted results for Test 33 are portrayed in Figure 78. The
predicted jet penetrations are slightly deeper than the measured
ones and the predicted theta values are higher than the measured
values. The correlations aire, however, in good qualitative agree-
ment with the data.

The data for Test 34, with Test Section VI, J = 26,4, S/D =
2, and HO/D = 4 are illustrated in Figure 79. At X/Ho = 0.5, the
jets penetrate up to about 70 percent of the local duct height and
reach the opposite (flat) wall at X/Ho = 0.75. Cc.paring this
test case with Test 30 (Figure 71) shows that the lateral mixing
is enhanced with slant wall injection. The mixing in the radial
direction is accelerated after the jet centerline reaches the
opposite wall. The predicted theta values for Test 34 are por-
trayed in Figure 80. The correlations slightly underpredict the
jet penetration and overpredict the theta values. The higher
theta values are a result of underestimating the mixing rate in
the correlations,
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5.3.3

Conclusions for Series 3 Tests

Interactions between a row of jets with cross-flow in a con-

vergent duct were studied. Two geometric orifice configurations

and two flow conditions for each convergent duct were considered.
Symmetric and asymmetri:> convergent test sections with uniform
mainstream temperature and velocity profiles were used in Series 3

tests,
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The following conclusions are drawn from these tests:

Mixing is generally enhanced by flow area convergence,
The jet spreading in radial and transverse directions
occurs within a shorter distance from the jet injection
plane than in the case witlk a constant area duct.

The jet penetration is slightly reduced in symmetric
convergence Test Section II compared to those in a
constant cross-sectional area duct, For Test Sec-
tion IV, the jets are injected upstream at a higher
angle toward a renion of higher cross-sectional area,
where the mainstream velocities are lower. Regions of
lower mainstream velocities can be associated with a
higher apparent jet momentum ratio and hence the jet
penetrzacion in t'."se regions is deeper.,

For asymmetric Test Section V with flat wall injection,
the jet mixing characteristics are the same as those of
the symmetric convergent Test Section 1V,

In the asymmetric Test Section VI with slant wall
injection (jet injection angle of 116.6 degrees), the
mixin; in the transverse direction is significantly
enhanced +hile the radial mixing is very similar to that
with flat wall injection.
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o The modified NASA/Aerojet correlations with equivalent
momentum ratio (Jeq) yield qualitatively good compari-
son with the data., However, the preaicted theta values
are higher than the measured values. The differences
between the two results are larger with increasing jet
injection angle, Further refinements in the correla-
tions are needed to improve the agreement between data
and correlations,

5.4 Series 4 Tests

The objective of these tests was to study the combined
effects of flow area convergence and profiled mainstream tempera-
ture. These tests were taken with Test Section V (flat wall
injection) and with orifice plate 01/04/08., Both top cold and top
hot prefiles were employed with two momentum ratios for each pro-
file. The test confiquration and flow conditions employed in this
series are listed in Table V1, Measurements were taken at two
axial stations, X/Ho = 0.25 and 1.0.

TABLE VI, BSRRIRS ¢ TRIT CONPIGURATIONS AND PLONW CONDITIONS

nat ] g,t' B Reglon asureaents (n]
orifice eloclty "ap. [VelocTty | Yemp. | Momentum | Denuity [mquilibriua] of Axial Transverse

Tes Dia (D) VMAIN THAIN vagr ‘NRY Ratio Ratio Toap Dirvection Direction
No. {cm) |8/D Soln (m/nec) (oy) {mn/8e0) (og) J DENRATIO ™NEs (l/IQ) V4 ]

b} ) 1.27 (4.0} 0.0 U 6} 0.9 300 2.0 1.86 0.100 0.2% to 1,0/ 0.0 to 1.0
36 1.27 |4 0} 0.0 19.0 568 139.1 308 10%.0 2.01 0.1 0.2% to 1.0 0.0 to 1.0
» 1.27 {4.0] 0.0 160 a7 40.7 3l L1} } 1.32 0.064 0.2 to 1.0 0.0 to 1.0
n 1.27 |4.0| 8.0 16,0 416 75.4 s 3.2 1.3¢ 0.107 0.23 to 1.0/ 0.0 to 1,0

As stated in Paragraph 5.2 for the Series 2 tests, the defin-
ition of theta used to analyze these data irn

Thax - T

= T
max - T
3
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where:
Tmax = Maximum temperature of the profiled mainstream.
T = Local stagnation temperature in the mixing region,
Tj = Jet stagnation temperature.

The measured theta distributions for Test 35 with top cold
profile, J = 26.82, S/D = 4, and HO/D = 8 are depicted in Fig-
ure 81. The jet penetration in this case is about 40 percent of
the channel height at X/Ho = 0.25. The jets retain their indi-
vidual shapes at both X/Ho = 0,25 and 1.0. The mainstream tem-
perature (top cold) profile seems to inhibit the lateral and
radial mixing. This is evident by comparing Figure 81 with the
data for uniform mainstrceam profile (Figure 65). The predicted
theta values for Test 35 are portrayed in Figure 82. The predic-
tions ace obtained by superposing the mainstream theta profile
[ep(y)] on the NASA/Aerojet correlations with equivalent momentum
ratio, Jeq' in a manner similar to the one described in Para-
graph 5.2. The predicted radial profiles along the jet center-
planes are in qualitative agreement with the data at X/HO = 0.25
and in poor agreement with the data at X/Ho = 1.0.

The data for Test 36 with top cold profile, J = 109.8,
S/D = 4, and HO/D = 8 are illustrated in Figure 83. At
X/Ho
of local channel height. The mixing in the transverse direction

0.25, the jet centerlines are located at about 60 percent

is much slower than in the corresponding test case with uniform
mainstream temperature profile (Figure 67). The predicted theta
distributions for Test 36 are presented in Figure 84, The com-
parison of predicted and measured radial profiles is poor.

The mea: red theta distributions with Test Section V, top hot
mazinstream temperature profile, J = 8.51, S/D = 4, and HO/D = 8
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are depicted in Figure 85. At x/Ho = 0,25, the jets retain their
individual shapes and mix rapidly in the transverse direction.
This characteristic is contrary to the trend observed with the top
cold mainstream profile. The predicted theta values for Test 37
are portrayed in Figure 86. At X/Ho = 0.25, the agreement between
data and correlations is good. At X/H° = 1, the agreement is
poor.

The measured theta values for Test 38 with top hot profile,
J = 30.24, S/D = 4, and HO/D = 8 are presented in Figure 87. At
X/Ho = 0.25, the jets penetrate to about 50 percent of the channel
height and gradually penetrate to the opposite wall at x/Ho = 1.0.
The shape and location of the contours indicate enhanced mixing in
both radial and transverse directions in comparison with those
with top cold profiles (Figure 8l1). The predicted theta distri-
butions for Test 38 are presented in Figure 88. The correlations
and data are in good agreement at x/Ho = 0.25, while the agreement
is poor at X/Ho = 1.0.

5.4.1 Conclusions for Series 4 Tests

Confined jet mixing characteristics were studied with flow
area convergence and profiled mainstream temperature, Four tests
were performed with orifice plate 01/04/08, including top cold and
top hot mainstream temperature profiles.

The following conclusions are drawn from the data:

o) Mixing of the jets in radial and transverse directions
is inhibited with top cold mainstream temperature pro-
file and is not significantly affected with top hot pro-
file when compared to tests with isothermal mainstream
conditions.
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The mainstream temperature profile has a dominant influ-

ence on the temperature distribution throughout the
mixing region.

The superposition scheme used in the correlations is
inadequate for predicting the temperature distribution
with flow area convergence and profiled mainstream.




6.0 JET MiXING CORRELATIONS DEVELOPMENT

A number of empirical and semiempirical methods have been
developed by various researchers for predicting jet interaction
with a cross-flow. These models were mostly concerned with jet
blockage, entrainment, and mixing in the wake region (Refer-
ences 5, 6, and 7). Empirical models have been proposed for jet
trajectory, jet spread, and mixing rate. The main differences
between the various models were in the postulated mechanisms for
jet entrainment and trajectory.

Most of the popular approximate predictive techniques (Refer-
ences 8 through 12) employ integral methods with simplifying
assumptions introduced for mathematical simplicity.

One of the unknowns in integral mixing field predicticn
methods is usually the shape of the jet cross section. The com-
plex jet cross-section geometries are often approximated by
rectangles, circles, or ellipses for satisfying the conservation
of mass, momentum, and enerdy. The second unknown is a velocity
profile parameter, which is usually modeled by an appropriate
similarity assumption. These models are invalid for curved jets.

The jet deflection 1is treated in two ways: The first
approach treats the jet as a solid body and uses discharge coeffi-
cients for the cylinders or ellipses, together with a pressure
differential across the jet in the mainstream direction to compute
the jet deflection. The second approacn deals with mass and
momentum entrained from the mainstream into the jet through
empirical models and this approach is generally considered to be
more accurate. The correlations used in this study are the
NASA/Aerojet correlations, which are described in the following
paragraph.
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The correlations developed by Holdeman and Walker (Refer-
ence 2) are based upon experimental data involving a row of jets
injected into a confined cross-flow. The jet centerline trajec-
tory is given as:

Correlations for Predicting the Centerplane Temperature Profiles

Thermal Trajectory (Centerline):

Y

10 . .53 70-25 (%)0.14 (%)0.38 (30(_.)0.17e_b (5.1)
3 j 3 3

where

H S 3.5

b = |o0.091 (§>2 (5 - ‘/-‘l—-)

The results for temperature field are presented in nondimen-
sional form by using

0 = (Tm -T) / (Tm - T:)

5
where Tm is the undisturbed mainstream stagnation temperature, T
is the local stagnation temperature in the mixing region, and Tj
is the stagnation temperature of the jet. The variable 6 repre-
sents the ratio of actual temperature change to the maximum pos-
sible temperature change due to the dilution jets. The centerline
temperature is correlated by the following expression:

Centerline Temperature Difference Ratio:
f

+ (1-6g) [1.452 "-0'35/(‘1)7) (5.2)

9 =
c,0 EB j
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where

and

The temperature difference ratio, 6, at

any point in the
flow field is determined from:

+ + Y - Yc 2
6 =0pint (6o = Opin) ©XP -1ln2) { ——— (5.3)

Wy/2

* t .
where omin and W1/2 are defined as follows:

Minimum Centerplane Temperature Difference Ratios:

.. +
n;.n,o =1 - e-C (5.4)
c,0
where
1.5 \ -3-67 1.1
¢* = 0.038 g1-62 (%7) (%7) (§7>
J J J
O;in o -c
——'-—0 =1 - e (5.5)
c,0
where

Centerplane Half-Widths:

+ g | ~0:25 sy \ 0.5 sy \ 0.5
ggz,o - 0.162 3018 (5§> (5;) (B;) (5.6)

51




~

/
 ORGNAL PAGE S
POOR QUALITY.

]

- 0027 0.5 0012
W S H X

1/2,0 _ 0.15 (——) (—-) (——) (5.7)
) 0.20 J Dj Dj Dj

The half-widths Wl/2 are the distance between the jet centerline
and the location where 6 = (0 + omin)/z'

Correlations for Predicting the Off-Centerplane Variation of the
Temperature Profile Scaling Parameters

Off-Centerplane Penetration

Y 2
.2 =1-(Z) ™9 (5.8)
Yc,o S/2
where
0. 67 s -1 X 0.54
g=0.227 J°° Dj Dj

Off-Centerplane Maximum Temperature Difference Ratio

(5.9)

where

Off-Centerplane Minimum Temperature Difference Ratios and Half-
widths

- +

omin,z _ emin,o
0 = 8 (5.10)
c,2 c,0
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These correlations provide a useful and reasonably accurate
prediction of the temperature profiles along the jet centerplanes.
However, the predicted off centerplane temperature profiles are
not very accurate and need refinement. Furthermore, the correla-
tions are inaccurate for high momentum ratios when the jets pene-
trate to the opposite wall.

The NASA/Rerojet correlations described in this Para-
graph (6.1) were derived for a uniform flow area and uniform main-
stream conditions. When a non-uniform mainstream temperature pro-
file exists, the NASA/Aerojet correlations for theta, fyar Can be
assumed to represent the changes in the local mainstream tempera-
ture distribution by dilution jets. 1In other words,

Ona = (Tm(Y) -T) / (Tm(Y) - Tj) (5.11)

Here, gy, represents the results from equation (5.3).
For flows with non-uniform profiled mainstream, the ratio of
actual temperature change to the maximum possible temperature

change due to the jets is obtained from the following definition
of nondimensionalized temperature difference ratio:

(Tmax -T) / (Tmax - Tj) (5.12)
where:
Tmax = Maximum stagnation temperature of the undisturbed
mainstream profile
T = Local stagnation temperature
Tj = Jet stagnation temperature.
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Using equation (5.12), the profiled mainstream theta, O (y),
can be defined as

O (¥) = [Tpay = TuW] / (Tpay = T5) (5.13)

From equations (5.11), (5.12), and (5.13) it is seen that

6= 0,(y) + [1- g ()] Oy (5.14)

Equation (5.14) is used to generate the predicted theta
values for test cases in Series 2 and 4. It is important to note
that the variation of the nondimensionalized temperature, 4, is
conveniently scaled between 0.0 and 1.6. The nondimensional tem-
perature distribution, Ona is obtained from the NASA/Aerojet
correlations (Equation 5.3).

For test cases with flow area convergence, the following
modifications are used in obtaining predictions. For converging
ducts at low Mach numhers, the average mainstream velocity
increases by the relation

(s
Va(®) = Vo \ 573 (5.15)
where:
Vm(X) = Average mainstream velocity in the duct at any
given axial Station X
Vo = Average mainstream velocity at the jet injection
plane (X = 0)
A (X) = (Cross-sectional area of the duct at the axial
Station X
A, = Cross-sectional area of the duct at the jet injec-

tion plane (X = 0)
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2

A
Thus, pm(X)V:'(X) - povg (A(g))

Due to the acceleration induced by the flow area convergence,
the equivalent jet-to-mainstream momentum ratic is given by

2 2
; .Y . A% (Am)z
A
T o) VEX) po V2 0
a(x)\?
Thus, Jeq = J, ( A ) (5.16)
o

Where, J_ is the momentum ratio at the jet injection plane.

o

The correlations for convergent ducts are obtained by sub-
stituting the equivalent momentum ratio, Jeq' wherever J is used
in the NASA/Aerojet correlations. This approach was found to
yield improved results compared to the results obtained from the
original NASA/Aerojet correlations. However, the correlations do
not account for the effects of jet injection angle, which have
been observed to have significant effect on the jet spreading
rates. Further work on the correlations is required to properly

account for these effects.

For test cases with flow area convergence and profiled main-
stream, the correlations were obtained by combining the procedures
described for convergent ducts and profiled mainstream. The pre-
dictions obtained from these correlations are inadequate for
correctly describing the jet mixing characteristics in Series 4
tests. This is partly due to the fact that the distortion of the
mainstream temperature profile (without the jets) by the flow area
convergence is ignored in the correlations.
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The NASA/Aerojet correlations, along with the modifications
suggezted in this section, provide an excellent analytical design
tool for predicting the jet mixing characteristics in the dilution
zone of a combustor. These correlations were formed to yield
excellent qualitative agreement (and good quantitative agreement
in some of the test cases) with the measurements made in this pro-
gram, Additional work is needed to improve the predictions
obtained from the correlations.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The tests made in Phase I of the NASA Dilution Jet Mixing
Program were directed toward better understanding of the mixing
processes of a row of jets injected into a ducted cross-flow. The
following conclusions are drawn from these tests:

i

o The jet penetration distance increases with increasing

-

the momentum ratio, J, and jet orifice diameter, D.

o The jet spreading rate in the transverse dicrectizs
increases with increasing the momentum ratio, J, a
duct height to hole diameter ratio, HO/D, and decreasing
the hole spacing to diameter ratio, S/D.

o The jet spreading in the radial direction is enhanced
with increased jet penetration,

o) The jet-to-mainstream density ratio, pj/pm, has only a
second-order effect on the mixing characteristics for a
given momentum ratio.

o The temperature distribution in the jet mixing region is
strongly influenced by the mainstream temperature pro-
file. The jet spreading rates with profiled mainstream
are similar to those with uniform mainstream. This sug-
gests that a superposition principle could be applied to
predict temperature profiles with profiled mainstrecam.

¢ Jet mixing is generally enhanced by flow area conver-

gence. The jet penetration is increaseZ with increasing
upstream injection angle.
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The jet mixing characteristics with asymmetric conver-
gence and flat wall injection are similar to those in a
symmetric convergent test section of the same area
ratio.

The asymmetric test cection with slant wall injection
has a signiticantly faster jet spreading rate in the
transverse direction.

The radial and lateral jet spreading rates with "top
cold” mainstream profile and flow area convergence are
significantly slower compared to those with uniform
mainstream profile and flow area convergence. The jet
spreading rates are not appreciably altered with a "top
hot" mainstream temperature profile.

The NASA/Aerojet correlations adequately predict the
theta profiles for constant area duct and uniform main-
stream profile. For the case of constant aie¢ duct with
profiled mainscream, the superposition <. mainstream
thet~» profiles on the correlations yield good qualita-
tive results. Ap improved scaling parameter is needed
tc obtain a good quantitative agreement with data.

The modified NASA/Aerojet correlations with equivaient
momentum ratio, Jeq' provide improved predictions of
nondimensionalized temperature profiles. However, this
model does not ~roperly arncount for the effects of jet

injection angles,

For situations involving flow area convergence and pro-
filed mainstream, the superposition of mainstream tem-
perature profile on *“he NASA/Aerojet coirelations is



inadequate for predicting the temperature profiles in
the mixing region. This is mainly due to the decay of
the mainstream temperature profile due to flow area con-
vergence. Further work on the correlations is needed to

improve the predictions.

The correlations used in this program provide a very useful
and simple analytical tool for designing the dilution zone of a
combustor. However, additional work is needed to further refine
the correlations for convergent ducts and non-uniform mainstream

conditions.
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Figure 2. Jet Mixing Rig Schematic.
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APPENDIX A
LIST OF SYMBOLS

A test section cross-sectional area at survey plane

D geometric orifice diameter

Dj effective orifice diam-ter

H, duct height at the jet injection plane

H local duct height at the survey plane

J momentum ratio (Pjvj 2)/€vam2)

Pt stagnation pressure

Ps static pressure

S orifice spacing

T tamperature

v velocity

X X direction, parallel to duct axis

Y y direction, parallel to orifice centerline (radial direc-
tion)

2 Z direction, normal to duct axis (transverse direction)

Greek

(] temperature difference ratio
[y density

a jet injection angle

Subscripts

av  average

EB equilibrium value

3 jet property

max maximum

m cross-flow property, average value
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