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Subscale-Model and Full-Scale Engine
Mixed-Flow Exhaust System Performance Comparison

A. P. Kuchar*
General Electric Company, Cincinnati, Ohio

and

R. Chamberlint
NASA Lewis Research Center, Cleveland, Ohio

A full-scale engine test of the NASA/General Electric Company (GE) Energy Efficient Engine (E*) was con-
ducted to demonstrate the E3 engine concept and evaluate its performance. The test program, performed at the
GE outdoor engine test facilities in Peebles, Ohio, included a detailed evaluation of the total pressure and
temperature profiles at the exit of the mixed-flow exhaust system to determine its mixing effectiveness. Subscale
model tests of the same mixed-flow exhaust system had been previously conducted at FluiDyne Engineering Cor-
poration in Minneapolis as part of the GE E> mixer aerodynamic technology development program. The scale-
model and full-scale engine nozzle exit survey data and the calculated mixing effectiveness are compared and
discussed. The results indicate the effectiveness of the full-scale engine mixing to be 5% higher than that of the
scale model as a result of a geometric difference and higher turbulence levels in the engine exhaust flowfield.

Nomenclature

A =flow area

Cp =specific heat at constant pressure

Dy,p  =exhaust duct diameter at the mixing plane

H, =mixer annular height perpendicular to streamlines

H,;,» =flow passage annular height at the mixer trailing edge
and perpendicular to streamlines

K, =mixing effectiveness determined from nozzle exit Py
and T, survey data

L =mixing length from the mixer trailing edge to the
nozzle exit plane

Py =ambient pressure

Py =total pressure

AP, =mixer aerodynamic pressure loss determined from

scale model thrust data
ASFC =specific fuel consumption benefit relative to con-
fluent flow with no mixing

T, =total temperature

| 4 =velocity

w =weight flow

Al = circumferential travel of nozzle exit survey rakes
Subscripts

5 = core charging station

8 =nozzle exit station

14 =fan charging station

16 = fan conditions at mixing plane

56 = core conditions at mixing plane
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Introduction

N 1976, NASA began the Aircraft Energy Efficiency

(ACEE) Program. The ACEE Program is directed toward
developing new technology for energy-efficient aircraft and
propulsion systems. The General Electric Company (GE) has
participated in several elements of the ACEE Program, in-
cluding the Energy Efficient Engine (E’) Program under a
contract managed by the NASA Lewis Research Center. The
goal of the E® program was to develop the component
technology needed to provide significant fuel savings on
future engines that will also have lower operating costs,
reduced noise, and reduced emissions. To help achieve this
goal, the GE E? design incorporates a long-duct, mixed-flow
exhaust system. As part of the E* design effort, GE con-
ducted a three-phase scale-model static performance test pro-
gram of the mixed-flow exhaust system at FluiDyne
Engineering Corporation in Minneapolis. The test program
was conducted to establish a technology data base from
which an advanced technology, high-performance mixer
could be designed.

The development of the E? engine component technology
culminated in a full-scale engine test. This engine, designated
the integrated core/low spool (ICLS) engine, was tested at the
GE outdoor engine test facility in Peebles, Ohio, in
April/June 1983. The ICLS nacelle was a nonflight, boiler-
plate type of design that simulated the internal mixer and ex-
haust system flowpath. The same mixer/exhaust system
flowpath was also tested during the scale-model component
development program. Test data were recorded that allowed a
determination of the mixing effectiveness of the ICLS mixer in
a manner identical to the data analyses performed in the scale-
model program. The results from the scale-model develop-
ment tests have been previously reported in Refs. 1 and 2. This
paper presents a detailed comparison of the mixing effec-
tiveness results between the scale-model and full-scale ICLS
engine tests.

Test Hardware Description

The mixer configuration in the ICLS test vehicle was
selected from the results of the scale-model development pro-
gram. A flowpath cross section and description of the ICLS
mixer aerodynamic design is presented in Fig. 1. The selected
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mixer had 12 lobes with scalloped, radial sidewalls. The
penetration H,/H,;, was established from a performance
tradeoff of mixing effectiveness vs mixer pressure loss based
on results from the scale-model tests. The mixing length
L/D,, was determined from an optimization study that ac-
counted for internal performance (mixing effectiveness and in-
ternal pressure loss), nozzle weight, nacelle external drag, and
aircraft weight (flutter) penalty.

An overall cross section of the ICLS engine test configura-
tion is shown in Fig. 2 and the scale-model cross section in Fig.
3. The test models were 12% scale and simulated the ICLS in-
ternal exhaust system flowpath aft of the fan frame/outlet
guide vanes and aft of the low-pressure turbine discharge. This
simulation included the fan duct, core duct, turbine frame,
mixer, nozzle centerbody, pylon, engine aft mount struts, and
exhaust nozzle. The model was thermally insulated to prevent
conduction heat transfer between the hot core hardware and
the cold fan hardware upstream of the mixer. Several features
of the ICLS test vehicle were not simulated on the scale model.
These features are shown in Fig. 2 and include: an instrumen-
tation leadout strut located downstream of the mixer and in
line with a fan lobe, a fan air scoop (to provide active
clearance control air for the turbines), a strut on the engine
bottom centerline for the slave gearbox drive train, and a
center vent tube protruding from the exhaust centerbody.

Instrumentation

Both the scale-model and full-scale engine were in-
strumented with total pressure and temperature rakes located
upstream of the mixer at the exhaust system entrance (charg-
ing station) to determine fan and core flow conditions. Nozzle
exit survey rakes were installed in both test programs to deter-
mine the nozzle exit total pressure and temperature profiles.
One total pressure rake and two total temperature rakes were
orientated in the scale model as shown in Fig. 4. The rakes
were indexed during a test point to traverse over a cir-
cumferential span of 15 deg for sector A and 18 deg for sector
B in 3 deg increments. The ICLS exit survey rake orientations
are shown in Fig. 5. For the ICLS tests, four rakes were in-
stalled with total pressure and total temperature elements on
each rake located at the same relative radial locations as the
scale model. These rakes were also indexed circumferentially
during a test point in 3 deg increments over a circumferential
span of 30 deg, twice that of the scale model. Thus, two rakes
traversed from the center of a fan lobe to the center of the next
fan lobe.

In addition to the charging station and nozzle exit rake in-
strumentation, both the ICLS and scale-model hardware in-
corporated static pressure instrumentation in the exhaust
system on the nozzle centerbody, outer exhaust duct, and
inner fan duct wall.

Test Description

The scale-model test was conducted at FluiDyne Engineer-
ing Corporation’s Medicine Lake Laboratory in Minneapolis.
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Fig. 1 Mixer geometry description.
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In addition to the exit survey data, model thrust was measured
in a two-temperature flow, static thrust stand to determine the
performance of the various mixer configurations. The scale-
model performance results have been previously reported in
Ref. 2; this paper deals only with the exit survey data and
analysis directly comparable to the ICLS survey data. The
ICLS engine test was conducted on site IV D at the GE out-
door engine test facilities in Peebles, Ohio. Testing of the
overall engine performance and acoustics was performed and
nozzle exit surveys made.

For the scale-model tests, exit survey data were recorded at
three fan and core stream pressures and temperatures that
covered the expected range of important ICLS engine sea level
static operation. In addition, scale-model survey data were
recorded at a simulated maximum cruise altitude operating
condition. Since the scale-model test was conducted more than
2 years prior to the ICLS tests, estimates of the engine
operating conditions had to be made. When the final turbo-
machinery component operating maps were updated and the
engine was tested, the actual operating conditions differed
somewhat from the scale-model test. A comparison of the fan
and core pressure and temperature ratios for the ICLS and
scale-model tests is presented in Fig. 6. The effect of these dif-
ferences is discussed in the following section.

Results and Discussion

In the scale-model mixer development program, the mixed-
flow exhaust system performance parameters of interest were
the mixing effectiveness and the mixer pressure loss. Mixing
effectiveness is defined as the ratio of actual thrust gain due to
mixing to the theoretical thrust gain for fully mixed flow as
originally developed by Frost,? and expressed in the following
equation:

K, mixing effectiveness =

actual thrust-(fan thrust + core thrust)
theoretical 100% mixed thrust-(fan thrust + core thrust)

Mixer pressure loss is defined as the total, mass-weighted fan
and core stream pressure loss due to the mixer and includes the
aerodynamic friction on the surface of the lobes, the pressure
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loss due to the velocity difference of the two streams, and the
secondary flow/turning losses of the air within the lobes. Both
of these performance parameters were evaluated in the scale-
model program. Mixing effectiveness was calculated by two
independent methods using the measured thrust and the nozzle
exit surveys. The thrust data were used to calculate mixing ef-
fectiveness for each mixer by comparing the increase in thrust
coefficient from cold-flow to hot-flow conditions with the
theoretical thrust coefficient increase for 100% mixing at the
model test conditions. The exit survey rake data were in-
tegrated to determine the mixing effectiveness by calculating
both a fully mixed temperature and an actual mixed
temperature. The ratio of these temperatures was used in com-
bination with the measured upstream fan and core
temperatures and airflows to determine a mixing effectiveness
as shown in the following equations:

K, rake survey =
{( T Tactual mixed > 6
TTIO()% mixed rakc survey

(W o(Tra)” + WS(TTS)I/Z)}

(Wis + W) T 1009 meas.)”

- {( Wi+ W (T 000 meas.)” — (Wia(Tr) " + WS(TTS)‘/Z)}

2
TTacLual mixed — <Sexit Wi ( TTi) l/Z/Sexit Wi)

TTIOO%mixedzg . WiTTi/ S W
exit exit

where:

Wi4CpiaTr1a + WsCps T
W14Cpiy + WsCps

T'1100% meas. =

Mixer aerodynamic pressure loss was determined by compar-
ing the cold-flow thrust coefficient of a confluent reference
configuration with the cold-flow thrust coefficient of the
lobed mixer configuration. The cold-flow thrust coefficient
difference was then converted to a pressure loss that is at-
tributed to the mixer. Since the ICLS engine obviously cannot
be run under cold-flow conditions, the only quantitative per-
formance parameter that could be directly compared between
the scale-model and ICLS tests is the mixing effectiveness as
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Fig. 4 Scale-model survey rakes.
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determined from an integration of the nozzle exit survey data.
This comparison is presented in Fig. 7 vs the nozzle pressure
ratio. Also shown in the figure is the mixing effectiveness from
the scale-model exit survey integration at the maximum cruise
design point. The two sets of data indicate that the ICLS mix-
ing effectiveness is approximately 8% higher than the scale
model.

A detailed analysis, beginning with a comparison of the
nozzle exit temperature profiles, was subsequently conducted
to determine the reasons for the increased mixing effec-
tiveness. Figure 8 compares the envelope encompassing all of
the survey data from a scale-model test point with the
envelope from a corresponding ICLS survey test point. The
temperatures are presented in nondimensionalized form
relative to the fan and core discharge temperatures. The non-
dimensionalized temperatures are plotted vs nozzle area
distribution where a value of zero is at the nozzle centerline
and a value of 1.0 is at the nozzle exit diameter. Detailed pro-
files have been presented in Ref. 4.

The comparison in Fig. 8 revealed three differences between
the two sets of data. First, the hot-flow spike observed in the
scale-model data near the nozzle centerline is significantly
reduced in the ICLS data. This reduction was not totally unex-
pected. The large center vent tube shown in Figs. 1 and 2 was
not simulated on the scale model, and analytical studies using
a mixing analysis compter program indicate that the tur-
bulence generated along such a surface will, in general,
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enhance mixing, The center vent tube, being an extension of
the centerbody, would have had the same effect. To estimate
the impact of this difference on mixing effectiveness, the
temperature level of the spike measured on the ICLS was
superimposed on the scale-mode! profiles and the scale-model
mixing effectiveness was recalculated. From this analysis, it
was determined that the reduction in the scale-model hot-flow
spike would have increased mixing effectiveness by approx-
imately 3%.

The second major difference between the scale-model and
ICLS profiles is the apparent improved circumferential mixing
on the ICLS. The comparison in Fig. 8 shows less temperature
variation in the ICLS data, on the average, at any given radial
(percent nozzle area) position. Although it has not been sup-
ported analytically, this improvement is concluded to be the
result of higher turbulence levels in the ICLS flowfield relative
to the scale model. This will be discussed further in subsequent
paragraphs.

The third major difference is that the ICLS hot-flow
penetrates radially outward approximately 10% more than the
scale model. It has been concluded that this higher flow
penetration is due to a higher core-to-fan velocity ratio at the
mixing plane achieved on the ICLS. The higher velocity ratio,
which will also be discussed further in subsequent paragraphs,
apparently increased the mixing effectiveness by 2-3%.

When the scale-model mixing effectiveness data were
originally evaluated, the variation in mixing effectiveness
shown in Fig. 7, particularly at the low-pressure ratio, was
concluded to be the result of data scatter. Thus, any trends
were considered insignificant. Several of the E* mixer con-
figurations evaluated in the initial scale-model test phase were
also simulated on a TF34 engine and tested in 1980 in one of
the NASA Lewis Propulsion System Laboratory altitude test
chambers as part of the Propulsion Engine Technology (PET)
program. Results of these tests, reported in Ref. 5, seemed to
support the conclusion that the mixing effectiveness was essen-
tially independent of the operating conditions. However, the
similarity between the ICLS and scale-model data trends
shown in Fig. 7 prompted a reassessment of all the existing E3
and TF34 PET data to determine if the operating conditions
had an affect on the mixing effectiveness. It was ultimately
concluded from this reassessment that the velocity ratio of the
two streams at the mixing plane has a second-order effect on
mixing effectiveness. A one-dimensional velocity for each
stream was calculated from the measured airflow, total
pressure and temperature shown in Fig. 6, and the calculated
flow area of each stream at the mixing plane. The correlation,
shown in Fig. 9, is intuitive; a higher velocity difference
should promote mixing by virtue of the increased shear forces
and energy exchange between the two streams.

A significant difference in the relative positions of the in-
dividual test data points results by using the velocity ratio as
the independent parameter vs using the nozzle pressure ratio.
The two sets of data are now 5-6% different rather than 8%,
and the equivalent nozzle pressure ratio points at the ICLS
maximum power condition (Py4/P,=1.47) are at opposite
ends of the curves. This significant difference in velocity ratio
between the ICLS and the scale model at the maximum power
condition is due to differences in the fan-to-core pressure and
temperature ratios as shown in Fig. 6. The fan-to-core
pressure ratio, Pr4/Pys, in the scale model was 1.04, whereas
on the ICLS it was 0.96. Part of the reason for the lower value
on the ICLS was due to the much larger blockage of the ICLS
survey rakes compared to the scale model. The survey rake
blockage reduced the nozzle effective exit area, which subse-
quently decreased the engine bypass ratio. During the ICLS
performance tests without the rakes installed, the pressure
ratio increased to 0.996. The rest of the difference in the
pressure ratio was due to the final, actual operating
characteristics of the ICLS test vehicle compared to the
estimate that had been made 2 years earlier for the scale-model
test. Thus, the lower fan-to-core pressure ratio for the ICLS
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Fig. 7 Calculated mixing effectiveness determined from nozzle exit
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survey tests effectively decreased the bypass ratio and in-
creased the velocity ratio relative to the scale model. Addi-
tionally, the ICLS core-to-fan temperature ratio 7y5/7Try,,
was higher than the scale model (2.6 vs 2.4), which also in-
creased the velocity ratio. Based upon the correlation in Fig. 9,
if the scale model at Py,/P,=1.48 were run at the same
velocity ratio as the ICLS, it would have shown an increase in
mixing effectiveness of approximately 2.5%.
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A stackup explaining the differences in the mixing effec-
tiveness shown in Fig. 7 was formulated from these analyses
and is summarized in Fig. 10. First, an increase in mixing ef-
fectiveness of 2.5% is due to the higher velocity ratio. The
higher velocity ratio achieved on the ICLS test was concluded
to be the reason for the increased hot-flow penetration ob-
served in the exit temperature profiles. Second, an increase in
the mixing effectiveness of 3% is due to the presence of the
center vent tube on ICLS. Since the magnitude of the hot-flow
spike near the nozzle centerline did not change with the
pressure ratio on either the scale-model or ICLS tests, the
calculated 3% increase would be essentially constant. Finally,
the remaining 2.5% increase is concluded to be due to a higher
level of turbulence likely in an actual engine exhaust flowfield
vs a scale model. Increased turbulence levels should be ex-
pected in full-scale engine flows due to the upstream rotating
turbomachinery in both streams, the combustion process in
the core stream, and the acoustic/noise level in the two
streams. Industry research®’ has shown that acoustic sources
imposed on two mixing streams of different temperatures can
enhance the degree of mixing. While this phenomenon has not
been analytically investigated to quantify the effects on mix-
ing, it has been surmised that a 2-3% increase in mixing effec-
tiveness from this turbulence associated phenomenon is not
unreasonable and appears to represent a valid adjustment to
scale-model data. This phenomenon is the probable cause of
the increased circumferential mixing observed in the
temperature profiles of the ICLS data. Although not reported
in Ref. 5, the TF34 PET tests also indicated mixing effec-
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tiveness levels slightly higher than the scale model. Thus, while
scale-model testing has been concluded to be a valid mixer
aerodynamic development tool, model performance results
may, in fact, be slightly conservative because of the lower
tubulence levels inherent with a scale-model flowfield.

The ICLS mixer configuration represented an interim
design in the E? program because of the need to make an
engine configuration selection prior to the last phase of the
scale-model tests. The phase I1I model tests reported in Ref. 2
evaluated configurations with further improvements in mixer/
exhaust system performance. The best mixer configuration
tested in the scale-model program had a mixing effectiveness
of 79.2% at a velocity ratio of 1.87. Two adjustments to these
data are valid based on the ICLS data and the foregoing
analysis. It can be expected that the scale-model mixing effec-
tiveness will increase due to better mixing at the nozzle
centerline because of the center vent tube. In this case, the
scale-model mixer had a smaller hot-flow spike than the ICLS
scale-model mixer, and the gain in mixing effectiveness
calculated by superimposing the ICLS hot spike on the scale
model was 2%. Adding the 2.5% model-to-full-scale flow-
field turbulence intensity adjustment results in a mixing effec-
tiveness of 83.7%. This value, combined with the scale-model
velocity ratio and the slope of the ICLS mixing effectiveness vs
the velocity ratio characteristics, was used to estimate the full-
scale mixing effectiveness characteristic for the best mixer
tested in the scale-model program, as presented in Fig. 11. As
a result of the scale-model test development program, it was
concluded that, with additional work, an improvement from
79% to 85% in mixing effectiveness of the best scale-model
mixer could be achieved through some combination of lobe
shape change, increased penetration, and increased number of
lobes. Part of the 6% improvement would have come from an
elimination of the hot-flow spike at the nozzle centerline.
Since this has already been accounted for as shown in Fig. 11
(2%), it can be concluded that further improvements in the
mixer design that result in a 4% improvement in mixing effec-
tiveness are achievable. Adding this to the full-scale projection
of the best mixer tested results in the improved mixer projec-
tion curve in Fig. 11.

Several comments with regard to the mixing effectiveness-
to-velocity ratio relationship are appropriate. It is expected
that the slope of the mixing effectiveness vs velocity ratio
characteristic is not a unique thermodynamic effect and could
vary with the configuration and engine cycle. Thus, the two
dashed line projections in Fig. 11, in reality, may differ in
slope from the curves shown. Additionally, the fact that the
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mixing effectiveness apparently increases with the velocity
ratio should not be construed as a design goal to maximize the
velocity ratio. While this is a positive benefit in terms of mix-
ing effectiveness, the pressure loss due to the thermodynamic
mixing process will increase with higher velocity ratios. Thus,
in an ultimate design, the velocity ratio as a design variable
must be evaluated as a tradeoff between improved mixing ef-
fectiveness and increased thermodynamic mixing pressure
loss.

Results of the ICLS tests in terms of mixing effectiveness
were favorable from two aspects. First, the mixing effec-
tiveness achieved was more than 5% higher than the scale
model at equivalent operating conditions, due to the flowfield
turbulence level differences and the center vent geometry dif-
ference. Second, the test data established the effect of mixing
plane velocity ratio on performance and the need for its inclu-
sion in engine cycle deck modeling of mixer performance.
Results were also used to project the estimated mixer perfor-
mance for an improved mixer design derived for the phase I1I
scale-model test.

The purpose of incorporating a mixed-flow exhaust system
is to improve engine fuel consumption. The performance
benefits in terms of ASFC due to the mixer is shown in Fig. 12
for a GE E? cycle at altitude cruise conditions. The ASFC im-
provement is defined as the improvement in performance
relative to confluent flow with no mixing, as if the fan and
core streams were independently expanded to ambient condi-
tions through the long duct exhaust system. This specific
definition of ASFC allows a determination of the net perfor-
mance gain (ASFC) due to just the mixer component in terms
of its two specific performance parameters (mixing effec-
tiveness and mixer pressure loss) at a specific engine operating
condition. Since the mixer aerodynamic pressure loss could
not be determined from the ICLS tests, the scale-model de-
rived pressure loss for both the ICLS mixer configuration and
the best phase III scale-model mixer configuration was used.
This approach was considered valid because variations in the
fan-to-core operating conditions in the model test had shown
to have no measurable effect on the mixer pressure loss. The
pressure loss values are 0.66 and 0.57% for the ICLS and best
scale-model mixers, respectively. At a Mach 0.8/35,000 ft
maximum cruise condition, the velocity ratio for the GE E?
cycle is approximately 1.6 for optimum performance. At this
velocity ratio, the mixing effectiveness values for the ICLS
configuration, the best scale-model configuration adjusted to
full scale and the improved mixer projection as shown in Fig.
11 are 74, 81, and 85%, respectively. These three values com-
bined with the appropriate mixer pressure loss are shown on
Fig. 12 to define the corresponding ASFC improvement. The
prime aerodynamic design objective is to develop mixer con-
figurations that have performance characteristics falling in the
upper left-hand corner of this figure. The lobed mixer con-
figuration developed in this program resulted in higher
pressure losses than originally anticipated, but also higher
levels of mixing effectiveness, which together yielded an SFC
improvement the same as the goal level. Further increases in
mixing effectiveness or reductions in mixer pressure loss may
still be possible with improved designs or alternate mixer
concepts.

Conclusions
A detailed, comparative analysis of total pressure and
temperature surveys measured at the nozzle exit plane of the
scale-model and full-scale ICLS engine mixed-flow exhaust
systems provided valuable insight to the aerothermodynamic
behavior of mixed-flow systems. In particular, the analysis
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yielded important conclusions with regard to the validity of
scale-model testing and the understanding of the effects of
mixed-flow exhaust system geometric and aerodynamic
parameters on mixing effectiveness.

Integration of the exit survey data showed that the mixing
effectiveness of the full-scale ICLS engine mixer/exhaust
system was approximately 8% higher than the subscale model
at the same nozzle pressure ratio. The higher mixing effec-
tiveness of the ICLS exhaust system was attributed to three
effects:

1) The fan and core stream total pressure and temperature
ratios in the ICLS engine differed from the scale model,
resulting in a higher average core-to-fan velocity ratio at the
mixing plane than the scale model. The higher velocity ratio
increased the aerodynamic penetration of the hot-flow stream
and resulted in a higher mixing effectiveness.

2) The addition of the center vent tube on the ICLS engine
provided more surface area to generate additional turbulence.
The added turbulence promoted further mixing and reduced
the size of the hot-flow spike near the nozzle centerline.

3) It is presumed that the engine turbomachinery created a
higher turbulence level than existed in the subscale model.
This resulted in less circumferential temperature variation in
the engine and, therefore, better mixing.

Although a higher mixing plane velocity ratio appears to in-
crease mixing, it has also been concluded that:

1) The dependency of mixing on the velocity ratio observed
in these tests probably varies with different geometries and
different engine cycles.

2) Higher velocity ratios do not necessarily mean higher net
performance; the thermodynamic pressure loss due to the mix-
ing process will also increase, suggesting that an optimum
velocity ratio exists which balances mixing effectiveness, mix-
ing pressure loss, and possibly engine turbomachinery cycle
matching.

The improvement in circumferential mixing due to the
presumed higher turbulence levels in the ICLS engine exhaust
flow is surmised to be a reasonable increase and represents a
valid adjustment of the model to a full-scale engine that can be
applied for most high-performance lobed mixer designs. This
conclusion, combined with the overall data analysis and the
previous experience in the TF34 PET Programs,® lends
credibility to the use of scale models to develop the aerother-
modynamic design of mixed-flow exhaust systems.
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