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SECTION 1.0
1.0 SUMMARY

The Phase III exhaust mixer test program was conducted to explore the trends
established during Phases I and II (Ref. 1). Combinations of mixer design para-
meters, which Phase I and II testing indicated could result in a further im-
provement in overall performance, were tested. Phase III testing proved that
the best performance achievable within the stated tailpipe length and diameter
constraints is 2.55 percent better than an optimized separate flow base line.
This performance was achieved with approximately 82 percent mixing and 0.27
percent excess pressure loss. A reduced penetration design achieved about the
same overall performance improvement (2.53 percent TSFC) at a substantially
lower Tlevel of excess pressure loss (0.04 percent) but with a small reduction
in mixing (76 percent). This low level of excess pressure loss confirmed the
Phase II trend that longer, more gentle turning mixers would achieve reduced
loss.

The accuracy implied by the data repeatability of this test is +0.2 percent
TSFC. In order to improve the reliability of the data, the hot and cold flow
thrust coefficient analysis was augmented by calculating percent mixing from
the traverse data. In addition, relative changes in percent mixing between
configurations was determined from thrust and flow coefficient increments. This
additional procedure for calculating percent mixing from traverse data was found
to be a useful tool in assessing mixer performance.

The Phase III program also included testing to obtain flow field information
for use in the calibration of computer codes such as those being developed
under Contract NAS3-23039. Two different unscalloped Phase II mixer configu-
rations; a deep penetration design and a shallow penetration design, were
traversed at the lobe exit to record stagnation temperature, pressure, and flow
angle distributions. The lobes and tailpipes were also instrumented with static
pressure taps to obtain velocity distributions through the lobes. During Phase
I1, these same configurations were traversed at the tailpipe exit at these same
thermodynamic state points. Consequently, the combination of Phases II and III
testing provides flow field data at the entrance to the lobes, through the
lobes, at the lobe exit, and at the exit of the mixing chamber.



SECTION 2.0
INTRODUCTION

The Energy Efficient Engine Component Development and Integration Program,
sponsored by the National Aeronautics and Space Administration (NASA), is
directed toward demonstrating the technology to improve fuel efficiency and to
reduce operating economics of future commercial gas-turbine engines. The pro-
gram goals include a reduction in fuel consumption by a least 12 percent and a
reduction in direct operating cost by at least 5 percent relative to a base
Pratt & whitney JT9D-7 turbofan engine. To demonstrate the technology to accom-
plish these goals, the program is organized into two main technical tasks:

Task 1 - Flight Propulsion System Analysis, Design, and Integration;
Task 2 - Component Analysis, Design, and Development.

The work described in this report is a technology program conducted as part of
the exhaust mixer system effort in Task 2. This activity was aimed at estab-
lishing the basic technology required to define a high performance mixed flow
exhaust system for high bypass ratio engines. The performance objective was to
demonstrate overall mixed flow exhaust system performance which is equivalent
to a reduction of 3.3 percent thrust specific fuel consumption, compared to an
optimized separate flow exhaust system equivalent to the Preliminary Design
base-1ine engine of September, 1978. This technology would directly support
the design of the Energy Efficient Engine flight propulsion system and the
integrated core/low spool engine.

During the detail design of the mixed flow flight propulsion system, the en-
gine became longer and its flow path was modified. The optimized separate flow
exhaust system used for comparative purposes, in the mixer technology test
program, was unchanged. This resulted in the performance benefit for the mixed
flow configuration being reduced to 3.1 percent. The data presented in this
report is in the context of the 3.1 percent benefit.

The mixer technology test program itself consisted of three phases spanning
the years shown in Figure 1. The first phase employed 28 test configurations
covering a wide range of design variables such as tailpipe length, mixer lobe
details, turbine swirl, and integration of the structural pylon. After coordi-
nating the results from Phase I with the updated engine design requirements,
Phase II was conducted employing 16 test configurations to evaluate additional
mixer refinements. the Phase I and Il results are presented in NASA Report
NASA CR-165459 (Ref. 1). The Phase III work which is described in this report,
was conducted employing ten performance configurations aimed at the evaluation
of performance improvement trends observed in Phases I and II. Two additional
configurations were instrumented to obtain code verification data for use in
computer codes such as those being developed under NASA Contract NAS3-23039.
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Figure 1 Exhaust Mixer Program

The testing was conducted in the Channel 11 static thrust facility at FluiDyne
Engineering Corporation, Minneapolis, Minnesota. Nozzle gross thrust and flow
coefficients were measured at both "hot" and "cold" conditions. The "hot" con-
ditions simulated the Energy Efficient Engine flow conditions with a fan/
primary total pressure ratio (PT7/PT8) of approximately 1.1 and primary/fan
total temperature ratio (TRAT) of approximately 2.5. The "cold" conditions
used uniform flow conditions (i.e., PT7/PT8 = 1.0 and TRAT = 1.0). This allow-
ed mixing levels to be calculated and total pressure loss characteristics to
be defined for each test configuration, providing important diagnostic infor-
mation. In addition, total pressure and temperature traverses were taken at
the exit of the tailpipe for all of the test configurations, along with oil
smear photographs to provide flow visualization in interesting regions of the
exhaust system.

This report contains a description of the mixer model aeromechanical design, a
description of the test facility and test program, and a discussion of the
test results. Major conclusions are also included. Finally, a complete tabula-
tion of the measured data, the exit traverses, and flow visualization photo-
graphs are presented in the Appendices.

The mixer model aeromechanical design (Section 3.0) contains the requirements
and criteria used in the model design, definition of the test configurations
for Phase III, and mixer model fabrication techniques.

The test facility and test program description (Section 4.0) includes detailed
test conditions, data acquisition techniques and data reduction methods, and
data repeatability characteristics.

Phase III test results (Section 5.0) are discussed in detail, and this section
includes test summaries which identify the more significant geometric vari-
ables for all configurations tested.



SECTION 3.0
MIXER MODEL AEROMECHANICAL DESIGN

3.1 LIST OF SYMBOLS

at
A
AF
Ap
AGAP
AMIX
APEN

BPR

cf
CDMIX
Cp

cv
Cvu
CYMIX
CVEXIT

DELA
dl
D

FX
Fg

Speed of Sound

Cross Sectional Area

Fan Stream Flow Area
Primary Stream Flow Area
Mixer/Plug Gap Area
Mixing Plane Area
Penetration Area

Bypass Ratio - Ratio of Measured Fan to Primary Flow

Skin Friction Coefficient

Mixed Model Flow Coefficient
Specific Heat

Full Scale Model Thrust Coefficient
Overall Gross Thrust Coefficient
Mixed Model Thrust Coefficient

Exit Plane Thrust Coefficient

Angular Increment
Incremental Duct Length
Tailpipe Diameter at the Mixing Plane

Axial Momentum
Gross Thrust

Enthalpy
Forced Balance Axial Thrust component

Tailpipe Length Measured From Mixing Plane to Exit

Ideal Nozzle Performance Gain Available From Mixing
Mach Number

Mixing Plane Fan Stream Mach Number

Mixing Plane Primary Stream Mach Number

Static Pressure

Ambient Pressure

Ratio of Mixing Plane Fan to Primary Stream Total Pressure

Total Pressure

Mixing Plane Primary Stream Total to Ambient Nozzle Pressure Ratio

Mixing Plane Fan Stream Total to Ambient Nozzle Pressure Ratio

Fully Mixed Total to Ambient Nozzle Pressure Ratio

Charging Station Fan Stream Total to Ambient Nozzle Pressure Ratio

Charging Station Primary Stream Total to Ambient Nozzle Pressure
Ratio



LIST OF SYMBOLS (Cont'd)

2r
To
TRAT
TTMIX
177
178

v

W
WaFAN
WaPRI
Y/X

Greek Letters:

1/2 Diameter at Mixing Plane
Radius
Equivalent Duct Diameter

Static Temperature

Balance Temperature

Ratio of Primary to Fan Stream Total Temperature
Total Temperature

Full Mixed Total Temperature

Charging Station Fan Stream Total Temperature
Charging Station Primary Stream Total Temperature

Velocity

Flow

Fan Stream Flow
Primary Stream Flow

Primary Stream Flow Turning Parameter

n D>

3

cr>»>03

ceocvd

Angle Between Engine Lobe Peak and Mixer Side Wall
Average Swirl Angle

Ratio of Specific Heats

Difference in Levels

Angle Between Radial Axis and Absolute Velocity

Mixer Efficiency

Angle Between Engine Lobe Peak and Fan Valley
Lobe Discharge Angle

Radial Flow Angle

Circumferential Flow Angle

Geometric Constant

Density

Local Flow Angle

Mixer Cutback Angle

Nonaxial Velocity Flow Angle



Subscripts:*

abs Absolute

c-D Convergent Divergent Nozzle Effect

F Fan Stream

i Traverse Integration Increment

J Jet

M-FS Model Full Scale Correction

M Number of Traverse Probe Positions in the Primary Flow

mix A Term Based on Mixed Conditions

mix-t A Mixed Term Evaluated from Nozzle Exit Traverse Data

N Total Number of Traverse Postions

0 Effective Momentum-Weighted Flow Property for the Unmixed Fan and
Primary Flow

P Primary Stream

partial Partially Mixed Term

7 Fan Stream Charging Station

8 Primary Stream Charging Station

9 Nozzle Exit

100 Approximated Fully Mixed Flow Property at the Nozzle Exit

* For simplicity, subscripts may be written "on the line" of
type, especially in text.



3.2 DESIGN REQUIREMENTS AND CRITERIA

The design criteria used in the Phase III model design are the same as those
described in Section 3.2 of NASA CR-165459, except for slight modifications to
the mixing plane design areas. In order to better match the Flight Propulsion
System bypass ratio, the following areas were used:

276.45 cm? (42.85 in.2)
68.97 cm? (10.69 in.2)

Mixing Plane Area (AMIX) =
207.48 cm? (32.16 in.2)

X)
At Mixing Plane -- Primary Stream Area (Ap)
At Mixing Plane -- Fan Stream Area (Ag) =

These areas also correspond to the best Phase II configuration (49) which is
the base-line for Phase III.

The requirements of Phase III were to capitalize on trends established during
Phases I and II and evaluate parameters which would further improve overall
performance. The trends were applied to the best Phase II model configuration.
That configuration incorporated 18 lobes, a tailpipe length to diameter ratio
of 0.61, and scallops and hoods. These parameters were held constant while lobe
mixer length, penetration, and lobe discharge angle were evaluated. A sketch
defining the major design variables is shown in Figure 2.

VARYING MIXER LOBE
DISCHARGE ANGLE ~ A

4
- MIXERLENGTH

AGAP

PENETRATION = Apen/Apix
TAILPIPE LENGTH/DIAMETER = L/D
MIXER/PLUG GAP = Agap/Ap

Figure 2 Mixer Test Variables



3.3 MIXER TEST CONFIGURATIONS

Definition of the test configurations for Phase IIl is provided in this sec-
tion. The test configurations included are a free mixer in addition to 12
forced mixers. Major design variables are outlined and variations from the
baseline design requirements are identified.

Thirteen mixer configurations were tested in the Phase III program. Their
configuration numbers and key design parameters are given in Table I. Seven
were new configurations, two were made by modifying a Phase II configuration,
and the remaining four configurations consisted of a free mixer nozzle (con-
figuration 1) and configurations 49, 29 and 34 from the Phase II program.
Retest of the free mixer and configuration 49 provided reference conditions for
data repeatability and accuracy. Configurations 34 and 29 were instrumented and
used to obtain flow properties through the lobes for codes being developed
under NASA Contract NAS3-23039. They were not retested for performance.

TABLE I

PHASE III MIXER DESIGN VARIABALES

Lobe No. = 18; Tailpipe L/D = 0.61

Discharge
Configuration Conf. Pene- Angle,
Type No. Special Features tration Agap/Ap a /g (degrees)
Performance Test
Phase II Design 49 Scalloped, Lobe Hoods 0.72 0.24 0.26 +4
50 0.72 0.24 0.26 0
51 0.72 0.24 0.26 -1.5
High Penetration 53 Scalloped, Lobe Hoods, 0.75 0.24 0.25 +8
Increased Length
54 0.75 0.24 0.25 +4
55 0.75 0.24 0.25 +2
59 0.75 0.24 0.25 0
60 Scalloped, Lobe Hoods, 0.75 0,0.24 0.25 0,-9
Alternating Cut-back,
Fan Valley Ramps
Reduced 56 Scalloped, Lobe Hoods 0.65 0.24 0.31 +4
Penetration 57 0.65 0.24 0.31 -2
Lobe 29 0.51 0.22 0.50 -8
Instrumentation
Test 34 0.7% 0.22 0.26 0

NOTE:

Configurations 52 and 58 were not tested.



The configurations tested for performance had variations in length, penetra-
tion, and lobe discharge angle. Test parameters held constant were lobe number
(18) and mixing length to diameter ratio (L/D = 0.61). In addition, perfor-
mance configurations had hoods and scallops while the instrumented mixer did
not. These designs along with the free mixers are illustrated in Figures 3

through 9.
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Performance testing of mixer length variations consisted of one mid-length
(configuration 49) and two long mixers (configurations 53 and 56). The mid-
length mixer is the best performing mixer from Phase II. The longer mixers,
+0.152m (+6 in.) full-scale, provide an improved flowpath with more gentle
turning through the lobe.

The importance of lobe discharge angle was investigated with configurations 49
through 51 where the discharge angle was varied by cutting back the mixer lobe.
This series provided guidance to cutting back the longer mixers.

The importance of lobe discharge angle for the longer, high penetration mixer
was determined with configurations 53, 54, 55 and 59 and for the longer, re-
duced penetration mixer with configurations 56 and 57. Lobe discharge angle
optimization and penetration trades for the long mixer designs can be made by
comparing these two series.

In addition, the longer, high penetration mixer (configuration 59) was modified
to make a unique configuration (configuration 60). This was done by cutting
back every other mixer lobe a significant amount ( A = -9 degrees) and intro-
ducing fairings or ramps (reducing the plug gap to zero) between every other
fan valley and the plug. This configuration determined the effect of Targe
variations in lobe discharge angle ( A ) and the impact of reducing the hot
spot associated with the mixer plug gap.

Two short mixers from Phase II (configurations 29 and 34) were used to obtain
pressure, temperature, and flow angle data through the lobes to aid in the
development of mixer codes such as those being developed under NASA Contract
NAS3-23029. Performance, tailpipe exit surveys, and flow visualization tests
were completed in Phase II on these two unscalloped mixer designs. Detail
geometry definition of these two configurations appears in Appendix D.

3.4 MODEL FABRICATION

Model hardware for both test phases was fabricated at Fluidyne Engineering
Corporation. The mixers and plugs were fabricated from 416 stainless steel,
and tailpipes from mild steel. The mixers were machined from solid steel
blanks to 0.00086 m (0.034 in.) wall thickness. The trailing edge of the
mixers was handworked to 0.00025 m (0.010 in.).

Several Phase III configurations were obtained by modifying the original
mixers. Mixer number 12 was modified twice by cutting back the mixer lobe to
change the discharge angle ( A ). This same modification was performed four
times on mixer number 13 and once on mixer number 14. In addition, mixer num-
ber 13 had every other fan valley flattened to blend with mixer plug gap ramps
that were installed on plug number 19.

The mixer, tailpipe, and plug components, identified by number, for each test

configuration are summarized in Table II. This table, when used with Figures 3 -
through 9, identifies the tailpipe and plug used with each mixer modification.

13
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TABLE II

PHASE IIT TEST CONFIGURATION COMPONENTS

Tail-
Configuration Mixer Pipe Plug
1 1 1 1
29 6 5 5
34 10 1" 1N
49 12 13 15
50 12 13 15
51 12 13 15
53 13 15 19
54 13 15 19
55 13 15 19
59 13 15 19
60 13 15 19*
56 14 15 20
57 14 15 20

Modification
Mixer Cutback, A = 0°
Mixer Cutback, A = -1.5°
Mixer Cutback, A = +4°
Mixer Cutback, A = +2°
Mixer Cutback, A = 0°
Mixer Cutback, A = 0,-9°
Mixer Cutback, A= -2°
* Ramps Added Te Plug



SECTION 4.0
TEST FACILITY AND TEST PROGRAM
4.1 TEST FACILITY

The test program was conducted in the Channel 11 static mixed flow facility at
the Medicine Lake laboratory of Fluidyne Engineering Corporation (FEC). This
facility is described in Section 4.1 of NASA CR-165459. The multiple-tubed
mercury manometer boards used by FEC in the Phase I and II tests to measure
static and total pressures were replaced with individual solid state trans-
ducers for Phase III testing. There was one transducer for each pressure
measurement. This approach, along with a remote communication terminal, reduced
performance and survey data reduction turn-around time.

4.2 TEST INSTRUMENTATION

Phase III testing used the same common adapting hardware and instrumentation
described in Section 4.2 of Ref. 1, and shown in Figure 10.

FAN SCREENS SCREENS FAN SHROUD ADAPTER
CHOKE PLATE FAN FAN CHARGING STATION — CORE SHROUD
. CHOKE PLATES ADAPTER
: CHANNEL 11 BELL MOUTH
> FACILITY b ' SWIRL VANE
HARDWARE A | ASSEMBLY
“e "
J
a ) . ~ L
1::] i = f
i FAN STREAM ——w 1§,
...................... i
I o e = o CORE
P Yo' "EL' CENTERBODY
i
————— g_ ! ( STRUT- MODEL
f———--# --ﬂ THERMOCOUPLE CONNECTION
j~- RAKE PLANE

CORE CHARGING STATION

Figure 10 Charging Station Instrumentation Housed in the Model Adapter Section

Also included was a mixer exit survey rake shown in Figure 11, which consists
of one 15-probe total temperature rake and a combination 15-probe total pres-
sure/10-probe flow angle survey rake. The temperature and combination pressure/
flow angle rake were separated by a 40-degree angle. During each test, pressure
and temperature data were acquired at 2.0-degree angular intervals covering a
40-degree segment of the mixer exit for a total of 315 TT and 315 PT data
points per test. Flow angle data were acquired in the radial and circumferen-
tial directions at 2.0-degree angular intervals over a 40-degree segment for a
total of 210 pitch and 210 yaw angle data points per test. A detailed descrip-
tion and the calibration of the flow angle probes is contained in Appendix E.
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EXISTING DRIVE

MECHANISM M
2.0° TRAVERSE INTERVAL

T1 RAKE 15 PROBES

19" 200 PRESSURE RAKE
Ly, 30 15 Py PROBES
& 10 FLOW ANGLE

z.
0 PROBES

I CONFIGURATION 29 | CONFIGURATION 34
Tr Pr LOW ANGLE RADIUS _ RADIUS
FROBE NO. |PROBE NO. | PROBE NO. | WETERS | INCHES | WETERS [ INCRES |
1 1 1 o.0858 | 2.50 | 0.08%6¢ | 2220
2 2 00892 | 2723 | o0.0s88 | 2383
3 3 3 0.0725 | 2.856 | 0.0631 2.486
4 . 0.0759 | 2989 | 00865 | 2819
5 5 4 00793 | 3122 | 00699 | 2752
e s 00827 | 3.256 | 00733 | 2885
7 7 s 0.0861 3.388 | 0.0767 | 3018
] 0] 0.0884 | 3.521 0.0800 | 3.151
9 9 8 0.0928 | 3.684 | 0083« | 3.284
10 10 00962 | 3.787 [ o.ose8 | aai7
1" n 7 0.0996 | 3.920 | 00902 | a.550
12 12 8 0.1029 | 4.083 | 00935 | 383
13 13 9 0.1063 | 4.186 | 0.096% | 3218
14 14 10 0.1098 | 4.316 [ 0.1003 | 3.949
15 15 0.1131 4452 | 01037 | 4082

Figure 11 Mixer Exit Traverse Rake Assembly

In addition, surface pressures taps were installed on two Phase II configura-
tions (29 and 34). Configuration 29 acquired a total of 156 model surface
pressures through the mixer in the fan (36 tailpipe, 42 mixer) and primary
streams (36 plug, 42 mixer). Configuration 34 acquired a total of 162 surface
pressures through the fan (36 tailpipe, 45 mixer) and primary (36 plug, 45
tailpipe) streams. The surface pressure locations are shown in Figures 12 and
13 for these configurations. Al1 performance and survey data were recorded by
FEC and transmitted to Pratt & Whitney on 9-track static tape via a remote
data communication terminal.

Finally, a flow visualization technique was also applied to all performance
configurations. The surface of the model was first spray painted white and
then a mixture of lampblack and glycerin was applied in an array of spots
covering the region of interest. A cold flow test run was then made to estab-
lish the airflow pattern on the surface of the models; the model was then
disassembled. )
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4,3 TEST PROGRAM

This section discusses the actual test conditions, data acquisition and reduc-
tion, and an evaluation of the data repeatability. The test conditions were
based on simulation of Energy Efficient Engine Flight Propulsion System flow
conditions. The data acquisition and reduction section describes the aero-
dynamic performance parameters acquired, the mixer and exit plane traverse
measurements which were made, and the flow visualization information which was
obtained. Finally, data repeatability is evaluated with a statistical evalu-
ation of the free mixer test data, which represents the largest sampling of
data available.

4.3.1 Test Conditions

The test conditions covered in the Phase III program simulated a range of
cruise power settings for the Flight Propulsion System, at Mach 0.8, 10,668 m
(35,000 feet). Each performance evaluation covered a range of cruise power
settings(from approximately 88 to 110 percent) as defined in Table III. Each
hot flow test point is defined by a primary stream pressure ratio (PT8/PAM), a
fan to primary stream total pressure ratio (PT7/PT8) and a primary to fan
stream total temperature ratio (TRAT). The cold flow test consisted of a range
of pressure ratios which duplicate the range of mixed pressure ratios associ-
ated with the engine power setting variation. Hot and cold flow condition
number 2, which corresponds to the maximum cruise condition, was repeated
twice to provide data reliability and accuracy. This procedure facilitates
calculation of the level of mixing and the amount of excess pressure loss
exhibited by the test configuration.

The nozzle and mixer exit traverses were made at condition number 2 of the hot
flow test; the flow visualization tests were conducted at the comparable cold
flow condition.

TABLE III
PHASE III TEST CONDITIONS

Primary Stream Fan to Primary Stream Primary to Fan Stream
Condition Pressure Ratio Pressure Ratio Temperature Ratio
Number PTBPAM {PT7/PT8) {TRAT)

Hot Flow Tests

1 2.2 1.1 2.44

2 2.35 1.10 2.50 (Repeat
Twice)

3 2.4 1.08 2.56

Cold Flow Tests

1 2.4 1.00 1.00

2 2.5 1.00 1.00 (Repeat
Twice)

3 2.6 1.00 1.00

Nozzle and Mixer Exit Traverse (see condition 2 of the hot flow test series)

Flow Yisualization

PTBPAM = PT7PAM = 2.5
TRAT = 1.0

19



4.3.2 Data Acquisition and Reduction

The experimental data produced during the Phase III program are described in
this section. This includes several new methods used to determine the major
aerodynamic performance parameters in addition to the one described in Section
4.3.2 of NASA CR-165459. Also included is the method used to determine the
nonaxial velocity at the mixer exit plane for two previously tested Phase II
configurations.

4.3.2.1 Traverse Integration Analysis

Two mixing functions were defined for calculating mixing efficiency from the
nozzle exit traverse data: 1) a total temperature function, and 2) a gross
thrust function. These methods for calculating mixing are independent of thrust
balance force measurements and require only hot flow testing at simulated en-
gine operating temperatures and pressures. Both mixing functions were used to
minimize the possibility that definitional assumptions would bias the result.
Percent mixing is evaluated from gross thrust terms using the same fundamental
definition that was applied to the thrust balance measurements. The mixing
functions are distinguished by the rigor of the definitions. The temperature
mixing function approximates the gross thrust terms. The thrust terms are
assumed to be proportional to the root of total temperature (V7T ). In the
case of the thrust function, an exact definition of gross thrust is specified.
The equations which define the temperature mixing and thrust mixing functions
are described in the following paragraphs.

The fundamental definition of mixing efficiency ( nm) as defined by gross
thrust terms is:

Fg partial . Fg fan + Fg primary
9 fully Fg fully ‘
mixed / partially mixed unmixed
mixed term
" ) - Fg fan + Fq primary
Fg fulty
mixed unmi xed

term

The unmixed term is an analytical construct in that the fan and primary stream
gross thrust are determined by expanding the fan and primary stream through
the nozzle without mixing, that is, the streams are separated by a slip line
along which the streams are in local static pressure balance.
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In the case of the temperature mixing function, the gross thrust terms are
evaluated with the following approximations and assumptions:

1. Fg « WVTT H

2. The nozzle exit velocity is assumed to be parallel to the nozzle center-
line;

3. Each streamtube of the ffow is expanded to ambient. If the streamtube
flow is supersonic, the Mach number is set equal to one; and

4, Cp = constant

The thrust terms are functions of venturi-measured flows (WaFAN and WaPRI),
charging station pressures and temperatures (TT7, TT8, PT7 and PT8), and the
nozzle exit total temperature and total pressure distributions (TTi and PTi).

The partially mixed term is evaluated from the nozzle exit traverse measure-
ments.

Fg partial . E: Wi \/ 7T
SN VI

9 fully mix-t
mixed / partially i=1,N| i=1,N
mi xed
term

Where Wi is a local flow increment, defined as
Wi = f(PTi, TTi, PAM, Ai)

The mixed total temperature is evaluated from the traverse measurements.

The integration is conducted for N traverse probe positions, each of which is
associated with an incremental area (Ai).



The unmixed term is evaluated from the charging station properties and venturi
measured flows.

F Fq s T [TT
9 fan + "9 primary i 7 1- 1 + 8 1
= — — -
Fg fully Tmix +BFR Tmix BFR
mixed unmi xed
term

W
Where: BPR = a FAN
Wa ppi

The fully mixed total temperature (TTmix) is obtained from the mixing calcula-
tion procedure which is outlined in Appendix A of the Phase I and II report
(NASA CR-165459).

In the case of the thrust mixing function, an exact definition of the gross
thrust terms is specified. The gross thrust terms are evaluated with the
following assumptions and approximations:

1. The fully mixed pressure at the nozzle exit is approximated;
2. Cp = constant; and

3. The nozzle exit local static pressure and radial flow angle are
analytically estimated.

The partially mixed term in the fundamental mixing efficiency equation is
evaluated from the venturi measured flows, the charging station measurements,
the nozzle exit traverse measurements, an approximation of the fully mixed
nozzle exit total pressure, and the estimated nozzle exit static pressure and
flow angle distribution. The partially mixed term is a ratio of partial and
fully mixed gross thrusts. This ratio is initially calculated as a function of
the measured model jet area and then modified to reflect the thrust ratio that
would be obtained with equal flows for both the partially mixed and fully
mixed terms, that is, the fully mixed condition requires a relatively larger
Jet area to pass the same flow as the partially mixed condition.

= [F . + (P--PAM)A-} 2 (s
Fg partial - i=1,N ( x,) partial ! ! i=1,N ( 1)mix-t:
9 fully > (in)mix-t 2: (w{)partial
mixed / partially i=1,N i=1,N
mixed
term
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(Fxi)partial, (Wi)partial, and (Wi)MIX-T are local axial momentum and flow
increments in the exhaust flow at the nozzle exit. The momentum of the fully
mixed flow is determined by expanding the flow increments of the mixed flow to
ambient pressure. Where:

(in) and <wi)partia1 = f (pTi’ T1is Pis Ai,(Dj)
(Wi) mix-t - f (PT100’TTm-ix-t’p1" Aj, (Dj)

= - P s TT o oo PAM
(in>mix—t f <H1 mix-t* ©1100° 'Tmix-t >

i=1 N[(”i) partial TTi]

2
2; (wi) partial

N

TTmixft

Pi and®j are the nozzle exit local static pressure and flow angle, respec-
tively, where:

Pi = PTi (P/PT)ana1ytica1

Since only throat plane stagnation properties were measured during each nozzle
traverse, local static pressure (P/PT) and radial variations in local flow
angle were estimated with the VNAP II computer program. VNAP is a two-dimen-
sional, time dependent, compressible, turbulent flow code developed at the Los
Alamos Scientific Laboratory (Ref. 2). The VNAP prediction for the transonic
flow field through the separate flow and mixed nozzles was made with no-slip
walls and a free expansion plume. The estimated throat static pressure (P/PT)
and flow angle (®j) contours are shown in Figure 14. Local flow angle varia-
tions resulting from mixer generated secondary flows are not predicted by this
analysis.

The fully mixed total pressure at the nozzle exit (PT 100) is approximated by
linear extrapolation from an effective partially mixed total pressure
(PTpartial) as illustrated in Figure 15. This procedure is iterative since
percent mixing is not initially known. The slope of the extrapolation is
determined by the relationship between the effective unmixed total pressure
(PTo) and the fully mixed total pressure at the mixing plane (PTmix). This
relationship is assumed to be a linear function of percent mixing. In equation
form, the fully mixed total pressure at the nozzle exit is:

. l
PT 100 = PTpartial - {(PTo - Prmix) [(100 - % mix)/100] ¢



Figure 14

Figure 15

P/Pr ~ LOCAL STATIC PRESSURE

TAILPIPE PTMIX/PAMB
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Calculation of the Fully Mixed Nozzle Exit Total Pressure (PT 100)



The fully mixed total pressure is obtained from the mixing calculation proce-
dure. The unmixed total pressure (PTo) is defined as an effective momentum
weighted total pressure which is a function of the mixer exit stagnation pro-
perties, venturi measured fan and primary flow, and the nozzle exit static

pressure distribution.
PTE f(FXi)F + Py f(FX1>p
Apg

Ar
9
PTO =
f(Fh'),_- * f(Fx‘i)p
AFg Apg
where: (Fxi)F = f(PTF, T17, Pi, AFg,0j)
(Fxilp = f(Prp, Trg, Pi, Apg,0J)

Note that the fan and primary total pressures (PTF and PTP) are mixing plane
pressures which are determined from the charging station measurements by
accounting for the skin friction losses between the mixing plane and mixer
exit. The flow areas of the unmixed fan and primary streams at the nozzle exit
(AF9 and AP9) are determined iteratively.

Apg + Apg = f(Pyf, Ptp, T17, T1g, Pj, WaFAN, WaPRI,@j, Aj)

The partially mixed total pressure (PTpartial) is defined as a momentum weight-
ed total pressure which is a function of the nozzle exit traverse measurements.

D

Pr. F.)
i=1,N Ti ( X partial
i

> (F&i> artial
=1,N P

PT partial

where (Fxilpartial = F(PTi, T1i, Pi, Aj, @J)

The unmixed term in the fundamental mixing efficiency equation is evaluated
from the venturi measured flows, the charging station measurements, and the
estimated nozzle exit static pressure and flow angle distribution. As in the
case of the partially mixed term, the gross thrust ratio is initially calcula-
ted as a function of the measured nozzle exit area, and then modified to re-
flect the thrust ratio that would be obtained with equal flows for the mixed
and unmixed terms.



z z > - )3
Fg ran * Fg primary\ . 1-1,M(F‘f)pr1wz 1 TP =, (P1PRIOAs 1,0 ("
9 fully > (F”mu) 2 (w)p"“""y > (Hi)fa"
mixed unmixed fel,N f=1,M f=M, N
term

(Fxi)primary, (Fxi)fan, (Wi)primary, (Wi)fan, and (Wi)mix are 1local axial
momentum and flow increments in the exhaust flow at the nozzle exit. The fan
stream and primary stream momentum and flow increments are summed for M incre-
ments of the primary flow and (N-M) increments of the fan flow. The momentum
of the fully mixed flow, (Fxi)mix, is determined by expanding the flow incre-
ments of the mixed flow to ambient pressure, where:

F ) and{W; = f<P ’ T ’ P's®.s A

( Xi primary (1) primary Tp» 'Tg» "> 95 Fg)
F .) and(”') = f<P s T ’ P.!®'! A

( Xi/ fan '/ fan Tee Ty T80 0y Pg)

wi) mix - f (PTmix’ Thix> Pis> @5 Aj)

(in) mix =f ((w'i) mix’ PTmix’ TTm'iX’ PAM)

For both mixing functions, the integration is conducted for N traverse probe
positions, each of which is associated with an incremental area (Ai). Local
area increments were calculated for each rake position as shown below.

Aj = { [(ri+))2 - (ri)2] + [(ri)2 - (ri-])z]} [(7/2) (DELA/360)]

where: r
DELA

temperature probe radius, and
angular increment

For the first and last rake positions: Aji = Ai/2.0.

The total number of increments in the integration procedure was equal to the
number of temperature probe positions. The radial positions of the temperature
and pressure probes were identical except for the inner temperature probe
where there was no corresponding pressure probe. The total pressure at this
position was obtained by extrapolation. The nozzle exit static pressure values
were interpolated from a cubic spline fit of the predicted static pressure
distribution.
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4.3.2.2 Secondary Methods for Calculating Percent Mixing

Percent mixing was evaluated by a third (III) and forth (IV) method in addi-
tion to the hot and cold flow thrust and traverse mixing function approaches.
These methods utilize increments of thrust coefficient (ACVmix) and/or flow
coefficient (ACDmix) to evaluate changes in mixing and pressure loss relative
to a base.

A thrust coefficient increment may be considered as a sum of skin friction,
mixing, and excess pressure loss components. The contribution of mixing and
excess pressure 1oss to the increment were isolated by analytically estimating
the impact of skin friction on the increment. The mixing and excess pressure
loss components were then determined by solving two independent linear equa-
tions derived from the thrust coefficient increments.

In the case of Method III, two hot flow performance coefficient increments
(ACvmix and ACDmix) were used to define two independent linear equations
which relate excess pressure loss (A(APT/PT) and percent mixing increments.
These relationships were assumed to be linear, since the influence of pressure
loss or mixing increments on thrust or flow coefficient are essentially con-
stant for any two configurations tested at similar conditions. A root of these
two linear equations approximates the solution for the excess pressure loss
and percent mixing increments between the two configurations.

In the case of the fourth method, increments of flow coefficient (hot flow)
and cold flow thrust coefficient are used to estimate an increment in percent
mixing relative to the base configuration.

These two methods are illustrated in Figure 16. Method III is shown as a typi-
cal solution for a decrease in thrust coefficient and an increase in flow co-
efficient relative to the base. Method IV is shown as a typical solution for
an increase in flow coefficient and increase in thrust coefficient relative to
the base.
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4.3.2.3 Velocity Vectors At Mixer Exit Plane

Two Phase II mixer designs (configurations 29 and 34) were surveyed at the
mixer exit plane to obtain pressure, temperature, and flow angle data through
the lobes for codes such as those being developed under NASA Contract
NAS3-23039. In addition, these data were used to determine the velocity
vectors and the flow angles at selected circumferential locations using the
following procedure.

The procedure begins with the measured static and total pressures, total tem-
perature, and calculated radial (pitch, u ) and circumferential (yaw, v ) flow
angles. The absolute velocity and the pitch and yaw angles are shown in the
diagram below,

4

~Vags |v

VNONAXIAL 1 Y

X vy

where x is in the axial, z is in the radial, and y is in the circuferential
direction. The absolute velocity at a given radial and circumferential loca-
tion can be calculated by:

Vabs = (at) Mn / V1 + [(¥-1)/2] Mn 2

where (a¢) is the speed of sound based on measured total temperature, and
Mach number is a function of measured values of static and total pressure at a
given radial and circumferential survey position. The angle (€) between the
radial axis (z) and the absolute velocity can be defined as:

€=tan1[ 1 / (cosv tanu)]
The radial component of velocity, Vz, is defined as:
Vz = Vabs (sin € cos v tanp)
and the circumferential component of velocity, Vy, is defined as:

Vy = Vabs (sin € sinv)



combining these components of velocity results in the nonaxial velocity and
its angle ( w ) in the mixing plane:

Vhonaxial = V Vz2 + vy2
w= tan~! (Vz/Vy) = tan~! (tan K /tan v)

The pitch (#) and yaw (v) angles that were used in the above equations were
calculated with a dynamic pressure that was based on measured local conditions
(at a given survey position) instead of a free stream condition. A table con-
taining Vabs, Vnonaxial, w, u, and v for both configurations, at selected
Tocations, appears in Appendix D. JIn addition to correcting the pitch and yaw
angles for local flow conditions, a second order least squares curve fit was
used to fit the flow angle calibration data. These curves also appear in
Appendix D.

4,3.2.4 Nozzle Exit Plane Traverses

Traverse plots were obtained by surveying the nozzle exit plane of all new
configurations. At a single simulated engine operating point, total pressure
and total temperature were measured and nondimensionalized relative to the
corresponding ideal mixed property. A sample of the resultant plots is shown
in Figures 17 and 18. The charging station conditions for each stream (fan
stream = Station 7 and primary stream = Station 8) are identified. The absolute
level of the fully mixed reference is also identified. A complete presentation
of all the traverse plots is included in Appendix B. The location of the pri-
mary lobe peaks are indicated by arrows.

4.3.2.5 Mixer Exit Plane Traverses and Surface Pressures

Total pressure and total temperature traverse plots were obtained by surveying
the lTobe exit plane, and the same method was used as described in Section
4.3.2.4 for two previously tested unscalloped Phase II configurations (Con-
figurations 29 and 34). In addition, model surface pressures were nondimen-
sionalized by charging station total pressure (in each stream), and Mach
numbers were computed. A complete (mixer, plug, tailpipe) tabulation of these
pressures and corresponding Mach numbers is presented in Appendix D, along
with total pressure and temperature traverse results in the form of tables.

Finally, lobe exit plane flow angle data were reduced using two approaches.
The first involved FEC reduced data using a linear curve fit of the flow angle
calibration data using free stream values of dynamic pressure. A complete
tabulation of the 40-degree traverse segment for both configurations is pre-
sented in Appendix E. The second approach considered the impact variations in
dynamic pressure (due to changing gas properties across the mixing plane) on
flow angle. In addition, the flow angle calibration data were reduced using a
second order least squares curve fit. This approach was used to calculate
velocity vectors at selected traverse positions, and complete data tabulations
of these results are shown in Appendix D.
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4.3.2.6 Flow Visualization Photographs

Flow visualization tests were made for all configurations. These tests were
conducted with uniform cold flow at a nozzle pressure ratio of 2.5 to provide
a general indication of the flow field through the exhaust system. A sample
photograph is presented in Figure 19. The streaks result from placing an array
of dots (using a lampblack/glycerine mixture) on the painted surface of the
model prior to a test run. A complete set of photographs is presented in
Appendix C.
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Figure 19 Flow Visualization Photographs, Configuration 49
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4.3.3 Date Repeatability

The free mixer configuration was tested at the beginning, several times dur-
ing, and at the end of the Phase III test program to establish data repeat-
ability with Phase II. The repeatability of thrust coefficient (CVMIX) data
was analyzed at relatively high nozzle pressure ratio, spanning the principal
pressure ratio of 2.5 used in the parametric evaluations.

The Phase III "cold" flow test had a standard deviation equal to +0.0008 as
illustrated in Figure 20. The "hot" flow test also had a standard deviation
equal to +0.0008. During Phase II, the "cold" flow tests had a standard devia-
tion equal to +0.0006 as illustrated in Figure 21. The "hot" flow tests had a
standard deviation equal to +0.0004. In general, the repeatability for Phase
II was somewhat better than that for Phase III. However, Phase III results are
typical of the repeatability observed during a previous experimental program
in the Channel 11 test facility at Fluidyne Engineering Corporation.

Although the amount of available data is relatively small, an indication of
the amount of data bias between Phase II and Phase IIl testing is provided by
comparing the mean hot and cold thrust coefficient levels of the free mixer
configuration. At a mixed nozzle pressure ratio of 2.5, the cold flow bias
shift is 0.0007 and the hot flow bias shift is 0.0002. In general, the trends
from each phase of the program were used independently. Therefore, this bias
is not particularly troublesome.
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SECTION 5.0
TEST RESULTS AND ANALYSIS

5.1 TEST SUMMARY AND CONCLUSIONS

Ten scale model mixer configurations were performance tested during Phase III.
These configurations were essentially variations on the best performing Phase
I1 model, configuration 49. The performance test was conducted to determine if
the best overall performance demonstrated in Phases I and II could be improved
by exploiting two performance trends observed during these tests. A tabular
summary of the performance characteristics of the configurations tested in
Phase III is presented in Table IV.

TABLE IV
PHASE III MIXER CONFIGURATION PERFORMANCE CHARACTERISTICS SUMMARY

Lobe No. = 18; Tailpipe L/D = 0.61; Scalloped, Hooded Lobes

Exhaust System Lobe Excess Thrust
Length Relative Discharge Pressure Coeffi-
Configuration Conf. to Config. 49 Pene- Angle,A Percent Loss cient A TSFC#*
Type No. cm {inch) tration (degrees) Mixing AWAPT/PT)* (V' (%)

Base-Line Mixer,
Best Phase I1 49 0.72 +4 81.3 0.0033 0.9873 -2.45
Configuration
Discharge Angle 50 No Change 0.72 0 82.2 0.0027 0.9877 -2.55
Variations 51 No Change 0.72 -1.5 74.0 0.0035 0.9862 -2.19

51 [81.3]# [0.9872]# [-2.431#

53 +1.524 (+0.61) 0.75 +8 75.3 0.0016 0.9872 -2.36
Extended Exhaust 54 +1.524 (+0.61) 0.75 + 75.1 0.0025 0.9868 -2.26
System, High 55 +1.524 (+0.61) 0.75 +2 85.6 0.0032 0.9879 -2.53
Penetration, 55 [77.2] [0.9867] [-2.24]
Discharge Angle 59 +1.524 (+0.61) 0.75 0 74.7 0.0024 0.9868 -2.26
Variations 608 +1.524 (+0.61) 0.75 0&-9 88.8 0.0063 0.9869 -2.29

608 (85.2] [0.9864] [-2.16]
Extended Exhaust 56 +1.524 (+0.61) 0.65 +4 63.9 0.0004 0.9862 -2.12
System, Reduced 56 {76.0] [0.9879] [-2.53]
Penetration, 57 +1.524 (+0.61) 0.65 -2 -~ 0.0004## 0.9870 -2.31
Discharge Angle 57 [75.2] [0.9878] [-2.50]
Varfations

*

In Excess of Skin Friction Losses.

** Relative to the Optimized Separate Flow System.

In Each Case where the Data Assessment Procedure Indicated that the Thrust Balance Data
was Significantly Affected by Data Scatter, an Alternate Performance Assessment, Indicated
by [ ], was Made Based on the Traverse Integration Results as Described in Section 5.2.
## Excess Pressure Loss was Assumed to be the Same as that for Configuration 56.

@ Special Features Included a Bilevel Discharge Angle and Mixer-Plug Gap Ramps.

W
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In addition, two scale model configurations were tested to obtain flow field
information which could be used for computer code calibration. Two different
mixer configurations, a high penetration design and a Tow penetration design,
were instrumented and flow field data was obtained at the entrance to the
Tobes, through the lobes, at the lobe exit, and at the exit of the mixing
chamber as shown in Figure 22. These configurations were performance tested in
Phase II. The combination of Phase II performance data and Phase III flow
field data will benefit codes such as those being developed under Contract
NAS3-23029.

STAGNATION PRESSURE
AND TEMPERATURE
AND FLOW ANGLE DATA

AT LOBE EXIT

FLOW FIELD DATA FLOW DATA THROUGH

AT LOBE ENTRANCE FAN LOBES

(STATIC PRESSURE DATA) STAGNATION PRESSURE
AND TEMPERATURE
AND FLOW ANGLE DATA

AT TAILPIPE EXIT

\_ ot
FLOW DATA THROUGH

PRIMARY LOBE
{STATIC PRESSURE DATA)

Figure 22 Lobe and Tailpipe Flow Field Data

A summary performance comparison in terms of percent mixing, excess pressure
Toss, and TSFC increments is shown in Figure 23. This comparison shows the
shortfall in performance relative to the program goal, and the size of the
shortfall relative to the guaranteed accuracy of the facility (+0.25 percent
CV or +0.6 percent TSFC) and the accuracy implied by the data repeatability of
this test (+0.2 percent TSFC). Because the performance shortfall is not large
in comparison to the accuracy of the facility, the data analysis of this test
was expanded relative to the Phase I and II tests. This additional analysis
included evaluations of percent mixing based on integration of the nozzle.exit
traverse data. In some cases, the traverse results were assessed to be more
accurate than the thrust balance measurements and this is reflected in the
summary table.
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Figure 23 Performance Relative to the TSFC Goal
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The test results obtained support the following conclusions:

1. The best measured TSFC improvement relative to the optimized separate
flow exhaust system was 2.55 percent, which is 0.55 percent below the
program goal of 3.1 percent. This was obtained by modifying the dis-
charge angle of configuration 49 from +4 to 0 degrees.

2. There was no major overall performance peak within the lobe discharge
angle range between +4 and -2 degrees. The best overall performance
was obtained with a zero degree discharge angle.

3. Percent mixing and excess pressure losses were found to be inter-
dependent in that both are sensitive to the degree of lobe flowpath
turning. As a consequence, the extended and reduced penetration
mixers did not increase overall performance above the level demon-
strated by configuration 49. Excess pressure loss was significantly
reduced by decreasing flowpath turning; however, this performance
gain was negated because mixing was also reduced by a reduction in
flowpath turning.

4. The use of integrated nozzle exit survey data was found to be a use-
ful tool in assessing mixer performance.

5. Performance and flow field data were obtained for two different mixer
lobe configurations. Codes such as those being developed under
Contract NAS3-23039 can be calibrated with these data.

5.2 DATA PRESENTATION AND ANALYSIS

The experimental data obtained during the test are presented as two distinct
groups: mixer instrumentation test data and performance results. The mixer
instrumentation data were obtained to provide a mixer flow-path data base.
These data consist of lobe exit traverse data (stagnation properties and local
flow angle) and lobe surface static pressure data for two mixer configurations.
The mixer instrumentation data are described in Section 5.9. The performance
results are based on thrust balance and nozzle exit traverse data. The nozzle
traverse data were used to assess mixing by integrating the measured tempera-
ture and pressure stagnation profiles. In addition, isoparameter plots of the
nozzle exit stagnation profiles and total temperature distribution plots are
presented as a visual aid. Performance is presented in terms of thrust specific
fuel consumption (TSFC), nozzle gross thrust coefficient (CVmix), excess pres-
sure loss ( A ( A PT/PT), and percent mixing. The best measure of overall per-
formance is the equivalent change in thrust specific fuel consumption., Percent
mixing and excess pressure loss are key components of the overall performance,

The definition of parameters is the same as in the Phase I and II report except
that additional data evaluation techniques were introduced as a means to
enhance the accuracy of the performance assessments. Multiple evaluations of
percent mixing were made. They were used to judge the accuracy of the thrust
balance data. Four methods were used: Method I - Percent mixing was determined
by integrating the traverse measurements; both a temperature mixing function
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and thrust mixing function were evaluated. Method II - Percent mixing was
evaluated using hot and cold flow thrust coefficients as in Phases I and II.
Methods III and IV - Percent mixing was evaluated by two secondary methods
which used increments in thrust coefficient and flow coefficient relative to a
base configuration.

The Phase III test was designed to improve on the best performance obtained in
Phases I and II by exploiting two data trends observed during those tests:
1) the performance of some mixer configurations was sensitive to the lobe
discharge angle, and 2) excess pressure loss correlated with the degree of
flow turning through the mixer flow path. Ten mixer configurations were tested
with three degrees of “turning" through the mixer flow path. In order of de-
creasing flow turning, three types of mixers were investigated: 1) the best
configuration from Phase II (configuration 49), which was used as a base line,
2) an extended flow path, high penetration mixer, and 3) an extended flow
path, reduced penetration mixer. Lobe exit discharge angle ( A ) variations
were tested for all three types of mixers. In addition, a hybrid configuration
was tested with two levels of discharge angle on alternating lobes and with
plug gap inserts. The mixing length (L/D) was held constant for all of the
mixer configurations. The free mixer exhaust system was tested four times at
regular intervals through the program to demonstrate repeatability. The con-
figurations are described in detail in Section 3.3.

Alternative methods for assessing performance were added to the test program
to increase confidence in the results. The guaranteed repeatability of the
facility is +0.25 percent CV. The accuracy demonstrated by repeat testing of
the free mixer within the Phase III test program (one standard deviation) was
0.08 percent ACV or 0.2 percent ATSFC. This is equivalent to approximately 6
percent mixing and 0.17 percent pressure loss. In the extreme, the percent
mixing uncertainty could be doubled since two thrust coefficient levels deter-
mine percent mixing. Since the magnitude of these uncertainties was Targe
relative to the performance gap that this program was intended to close, the
hot and cold thrust coefficient analysis was augmented by calculating percent
mixing from the traverse data. Two mixing functions were defined for this pur-
pose: a thrust mixing function and a temperature mixing function. In addition,
percent mixing was determined from increments of thrust and flow coefficient
relative to a base configuration (referred to as secondary methods).

The essentially independent evaluations of percent mixing from the thrust
balance data and the traverse mixing functions were compared and used to judge
the accuracy of the thrust data. In addition, all four of the methods for
evaluating percent mixing are compared. In some cases, where the disagreement
is sufficient to cause concern over the accuracy of data trends, an inspection
of the multiple percent mixing evaluations serves to identify which parameters
are most effected by data scatter. When the impact of data scatter is signifi-
cant, an alternate evaluation of thrust specific fuel consumption is presented
based on the traverse mixing function analysis.

For the sake of simplicity, absolute values of the traverse mixing functions
are compared with the thrust data results (good agreement with the base con-
figuration was demonstrated). When alternate evaluations of specific fuel
consumption are presented, they are based on increments in the thrust function
traverse results relative to the base configuration.
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The mixing function increment was applied to the base configuration percent
mixing determined from the thrust balance data to calculate the alternate per-
cent mixing level and specific fuel consumption. Relative changes in the
traverse integration results were considered to be the most accurate.

The traverse integration analysis and the secondary methods for calculating
percent mixing are described in Sections 4.3.2.1 and 4.3.2.2. In addition, the
method used to determine the traverse plots and flow angle at the lobe exit is
described in Sections 4.3.2.3, 4.3.2.4 and 4.3.2.5.

5.3 BASE CONFIGURATION

Configuration 49 exhibited the best overall performance in Phase II and was
selected as a base configuration for the Phase III testing. The Phase Il and
III test results for configuration 49 showed excellent agreement. At the maxi-
mum cruise test condition, the hot and cold flow thrust coefficients were
repeated within 0.0002. The differences in excess pressure loss and percent
mixing were negligible.

5.4 DISCHARGE ANGLE VARIATIONS ON THE BASE CONFIGURATION

Variations in discharge angle (A ) on the base configuration between +4 and
-1.5 degrees produced no major improvements in thrust specific fuel consumption
or clear trends in percent mixing or excess pressure loss. This is shown by
the test results from configurations 49, 50 and 51 which are summarized in
Figure 24. Note that this summary includes percent mixing evaluations based on
both the thrust balance data and the traverse data, plus an alternate
assessment of thrust specific fuel consumption for configuration 51. Both
types of percent mixing evaluations agree within a range that is consistent
with the demonstrated accuracy of the test facility; however, in the case of
configuration 51, the data assessment procedure (that is, a comparison of four
independent percent mixing evaluations) indicates that the traverse integra-
tion results for configuration 51 may more accurately predict percent mixing
and thrust specific fuel consumption than the thrust balance data. A compari-
son of the independent percent mixing evaluations for configuraions 50 and 51
are shown in Figures 25 and 26, respectively. A1l of the evaluations show
generally good agreement for configuration 50 and indicate that data scatter
had no significant impact on the performance results. In the case of configu-
ration 51, there is moderate disagreement, which indicates that the thrust
balance data are probably less accurate than the traverse integration results.

The small effect on percent mixing of varying the discharge angle from +4 to

-1.5 degrees is graphically illustrated by the lack of change in the nozzle
exit total temperature distributions, as shown in Figure 27.
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5.5 EXTENDED EXHAUST SYSTEM - HIGH PENETRATION MIXERS

An average reduction in overall performance, relative to the base-line con-
figuration, of approximately 0.17 percent TSFC was measured for the high pene-
tration, extended mixer series. This was due primarily to an unexpected lapse
of approximately 5 percent mixing relative to the base-line configuration. In
addition, there was no significant response in overall performance to varia-
tions in the discharge angle ( A ) between zero and eight degrees, as shown in
Figure 28. Percent mixing evaluations by both the thrust balance data and
traverse results showed good agreement except in the case of configuration 55.
The thrust balance data indicated that for configuration 55 there was a "spike"
in the percent mixing trend; however, the data assessment procedure showed
that this was the result of thrust balance data scatter. Therefore, an alter-
nate assessment of thrust specific fuel consumption was made based on the
traverse results.

The excess pressure loss (A(APT/PT) was reduced relative to the base-line
configuration. this is consistent with a trend observed in Phase Il testing in
which a reduction in mixer flowpath turning resulted in a reduction in excess
pressure loss. In the case of configurations 53, 54, and 59, the reduction in
excess pressure loss exceeded the estimated increase in skin friction loss
(APT/PT=0.0006) which resulted from extending the exhaust system. The
measured variations in excess pressure loss due to changes in the discharge
angle are relatively small and probably do not define a clear trend. A further
discussion of the excess pressure loss trends is provided in Section 5.8.
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A comparison of all four independent percent mixing evaluations shows good
agreement for configurations 53, 54, and 59 as illustrated in Figures 29
through 31, respectively. In the case of configuration 55, the data assessment
procedure indicates that the thrust balance results were less accurate than
the traverse results due to an inaccurate force balance measurement which
resulted in an elevated hot flow thrust coefficient (CVmix). This assessment
is based on a comparison of all four independent methods for evaluating per-
cent mixing which is shown in Figure 32. Note that the traverse and Method IV
evaluations of percent mixing show good agreement. This is likely to occur
only if the "cold" thrust coefficient and "hot" flow coefficient are not
significantly affected by data scatter. If these coefficients are accurate,
the lack of agreement in percent mixing evaluated by Methods II and III is due
to the impact of data scatter on the "hot" thrust coefficient as illustrated
in Figure 33. Note that only the force balance component of the "hot" thrust
coefficient is completely independent of the measurements which determine the
"hot" flow coefficient.

The consistent reduction in mixing observed for all four of the extended high
penetration mixers relative to the base-line configuration was probably the
result of reduced flow turning through the extended mixers and a reduction in
the relative flow angles of the fan and primary streams at the mixing plane.
These differences would tend to reduce the strength of the secondary flow
systems in the wake of the extended mixers, which would tend to reduce mixing.
These were the only significant geometry differences between the two types of
mixers. Phase I and II testing showed that the number of lobes, penetration,
and mixing length (L/D) were the primary geometric variables that affect per-
cent mixing. The number of lobes and the mixing length were the same for the
base-line and the extended mixers. The penetration of the extended mixers was
slightly increased relative to the base-line con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>