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ABSTRACT thrust consumption (TSFC) and bypass ratio) and aircraft mis

: . . . sion parameters (such as fuel burn and noise). To demonstra
This paper presents an engine sizing and cycle selection

study of ultra hiah bvpass ratio engines anolied to a subsonic this sensitivity,engines will be sized for optimal performance on
y gh byp 9 bp a 300 passenger class aircraft for a 2010 level technology tuk

commercial aircraft in the N+2 (2020) timeframe. NASA has : . ) .
created the Environmentally Responsible Aviation (ERA) project and wing airframe, a N+2 level technology tube and wing air-
y P pro) frame,and finally on a N+2 level technology blended wing body

to serve as a technology transition bridge between fundamen- _. : ; . .
tal research (TRL 1-4) and potential users (TRL 7). Specifi- 3::Zme with and without boundary layer ingestion (BLI) en

cally, ERA is focused on subsonic transport technologies that
could reach TRL 6 by 2020 and are capable of integration into
an advanced vehicle concept that simultaneously meets the ERA
project metrics for noise, emissions, and fuel burn. An important INTRODUCTION

variable in exploring the trade space is the selection of the opti- NASAs Environmentally Responsible Aviation (ERA)
mal engine cycle for use on the advanced aircraft. In this paper, project funded under the Integrated Systems Research Progre
two specific ultra high bypass engine cycle options will be ex- (ISRP) was created to conduct research at an integrated syste
plored: advanced direct drive and geared turbofan. The advancedlevel on promising concepts and technologies, as well as explor
direct drive turbofan is an improved version of conventional tur- assess, and demonstrate the benefits of chosen concepts and te
bofans. In terms of both bypass ratio and overall pressure ratio, nologies in a relevant environment [1]. ERA’s goal is to serve
the advanced direct turbofan benefits from improvements in aero- as a technology transition bridge between the lower TRL effort:
dynamic design of its components, as well as material stress andon-going in the Fundamental Aeronautics program and poter
temperature properties. By putting a gear between the fan andtial users. Specifically, ERA is focused on subsonic transpor
the low pressure turbine,a geared turbo fan allows both compo- technologies that could reach TRL 6 by 2020 and are capabl
nents to operate at optimal speeds,thus further improving over- of integration into an advanced vehicle concept that simultane
all cycle efficiency relative to a conventional turbofan. In this ously meets the project metrics for noise, emissions, and fue
study, sensitivity of cycle design with level of technology will  burn shown in Fig. 1. ERA has specified a 42 db reduction ir
be explored, in terms of both cycle parameters (such as specificcumulative noise compared to stage 4 noise stringency level [2
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— R —— Technologies to be Assessed

CORNERS OF THE logy Benefs Reltve gy Benefs Reltve TechnologyBenefs In its ERA workplan, NASA has identified numerous tech-
TRADE SPACE Toa Single Aisle Reference Toa Large Twin Aisle . . . .

Configuation Reference Configuraton nologies that have the potential to mature in the N+2 time frame

e [12]. These technologies have been grouped into different cal

(cumbelow Stage ) 3248 4248 1148 egories for airframes, engines and vehicle integration. The ail

LTONO, Emissions

4t Lo 0% 75% beter than -75% frame technology focus is on lightweight structures, drag reduc

p— - - tion and noise reducing technologies. Technologies in this cate
AizlFue B 3% ik better than -70% gory include the Pultruded Rod Stitched Efficient Unitized Struc-
D T 0% ture (PRSEUS), hyp'rid and Iaminqr flow controI. technologies

and landing gear fairings. The engine technologies are focuse

o RECENTY UPDATED ASikres g oy b s hughcpeszionaimpvemets on higher OPR and T4 core technologies, higher propulsor effi

| o et Andpesps i e ciency and low NOx combustors technology. Engine technolo

gies developed within ERA include active flow control, active

FIGURE 1. ERA METRIC GOALS [1] film cooling, and highly loaded components [13] as well as ce-

ramic matrix composite material technologies [14]. In addition
to specific technologies, certain advanced airframe and engir

The project has established a set of technologies and concepts fo€onfigurations are being explored. On the airframe side advance
which system level analysis is needed to quantify the feasibility, tube and wing as well as hybrid wing body are being considerec

benefits, and risks associated with simultaneously achieving the The hybrid wing body concept offers potential fuel burn reduc-
ERA metrics for commercial aviation. tion of 15% relative to a comparable tube and wing concept. Th

advanced direct drive and geared turbofan were applied to bot

airframes. The advanced direct drive is an improved version o
Previous System Studies today’s conventional turbofans in terms of overall pressure ra

Over the past 10-20 years,there have been numerous ultratio, turbine inlet temperature, and component efficiency [15]. A

high bypass engine studies. In the early 1990s,GE conducted ageared turbo fan is meant to further improve upon the concey
study estimating 2005 technology level performance of a geared of a turbofan by allowing the fan and low pressure systems
turbofan and advanced direct drive engine applied to a 250-300 operate at different speed, thus improving the efficiencies of thi
pax airframe [3]. In 2003, Boeing conducted a similar study LPT [16] [17] and allowing for higher BPR improving engine
which estimates 2015 technology level performance of an ad- propulsive efficiency.
vanced direct drive and geared turbofan engines applied to 300
pax aircraft [4]. In this study it was concluded that a geared
turbofan can provide a 2% better fuel reduction relative to a METHODOLGY
advanced direct drive. Boeing also conducted an advanced en-  The Environmental Design Space (EDS) is a tool develope«
gine performance study for advanced tube and wing as well as for the U.S. Federal Aviation Administration’s Office of Environ-
blended wing body aircraft [5]. In this study, a fixed advanced ment and Energy (FAA/AEE) as part of a comprehensive suite o
engine was applied to advanced aircraft of different passenger software tools that allows for a thorough assessment of the env
classes. It was stated in this study that it was unknown whether ronmental effects of aviation [18]. EDS provides the capability
the engine used for the blended wing body aircraft was optimal in to generate an integrated analysis of aircraft performance, sour
terms of fuel burn. More recent studies by Cambridge University noise, and exhaust emissions at the aircraft level for potentie
and MIT under the Silent Aircraft Initiative evaluated different future aircraft designs under different policy and technologica
engine configurations as well as engine cycles [6] [7] [8] [9]. In scenarios. The integrated analysis enables the assessment
these studies, different considerations regarding fan pressure ra-the interdependencies and associated trade-offs between aircr
tio selection, variable nozzle scheduling, LPT design, and trans- performance, noise and emissions in a transparent and traceal
mission design were discussed. In 2009, NASA performed en- manner.
gine concept studies estimating of 2015 level technology level EDS is a physics-based, integrated, multidisciplinary mod-
performance of an advanced direct drive and geared turbofan en-eling and simulation environment that seamlessly combines cor
gines for both a hybrid wing body and a tube and wing body [10] EDS modules originally developed by NASA coupled with de-
[11]. The purpose of this current study is to bring together the sign rules and logic along with user defined engine and airfram
information from these previous studies as well as understand design parameters to create aircraft designs. The basic flow
how the engine design will change with the inclusion of different information during the execution of EDS for a single aircraft is
airframe and engine technologies expected to mature in the N+2 shown in Figure 2. The primary modules cover engine design us
timeframe. ing CMPGEN [19] [20] for compressor map generation, NPSS

exploit metro-plex” concepts
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[21] [22] for thermodynamic cycle analysis and WATE [23] [24]
for engine flow path analysis and weight estimation, vehicle siz-
ing and synthesis with FLOPS [25], emissions based on correla-
tions derived from the P3-T3 method [26], and aircraft noise us-
ing ANOPP [27] [28]. The EDS environment is structured using
the object-oriented code used to power NPSS, allowing informa-
tion to be passed between the EDS modules and then executed ir
an automated fashion to ensure that analysis results are consisten
with the produced vehicles.

The EDS environment can be thought of as executed in four
phases for a single vehicle. Phase 1 is the EDS initialization
phase which establishes the different options for running EDS
and determines the settings of all of the design variables. Phase
2 is the vehicle design phase which sizes both the engine and air-
frame. In this phase, there is first a design loop for the engine
and then a design loop between the engine and airframe. The
engine design loop first performs the thermodynamic cycle de-
sign at the aerodynamic design point; integrating a multi-point
design methodology to ensure the engine meets thrust require-
ments at both top of climb (TOC) and take-off [29]. There are
then iterations between the thermodynamic cycle design and the
flow path analysis until the two analyses converge. After com-
pletion of the engine design loop, the vehicle design loop starts
by running the thermodynamic cycle model in off-design mode
throughout the flight envelope to generate an engine deck for the
aircraft mission analysis. The aircraft mission analysis is run for
a given mission, payload, thrust to weight ratio, and wing load-
ing, scaling the engine deck thrust and the vehicle size to meet
the targets. If the engine deck thrust is scaled, the engine de-
sign loop is executed again with the new thrust targets. This loop
is repeated until the engine does not scale in the aircraft mis-
sion analysis. The vehicle is fixed at the end of this phase. The
third phase is the vehicle performance evaluation phase. In this
phase all desired performance evaluation is conducted including
gaseous emissions, noise certification, takeoff and landing per-
formance, and fuel burn for off design points on a payload-range
chart. Phase 4 is the output data phase. Here all desired data it
compiled into user specified summary files.

ADVANCED ENGINE CYCLE DESIGN
The baseline engine model for the 300 passenger aircraft is
the General Electric GE90-94B. The goal of the advanced cy-
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cle development is to upgrade this existing engine model to an ple of such a technology includes the GEnx engine being deve!
advanced cycle representative of newer engine technology andoped by GE-Aviation, which will be used as a calibration point
more advanced architectures such as the geared turbofan, bothn this development.

The development of OPR over the last few decades for mul
fuel burn and noise with respect to conventional designs. The tiple jet engine manufacturers is shown in Fig. 3. This up-
essential difference between the advanced direct drive turbofanward trend has been driven primarily by improvements in ma-
and conventional models is the improvement of overall pressure terial temperature limits at the compressor exits which allow for
ratio, and the lowering of fan pressure ratio in order to increase much higher burner entrance temperatures as well as improvi
propulsive efficiency relative to conventional designs. An exam- ments in compressor performance. With increased OPR, there

of which represent potential improvements in TSFC as well as
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also an increase in thermal efficiency and correspondingcredu  gine cycle will have a reduction in the amount of turbine cooling
tion in TSFC and fuel burn [30], which is a driving motivation  flows. Values for the LPC, Fan, and HPC polytropic efficien-
for this study. The current 2010 maximum OPR is 43; this is the cies and HPT adiabatic efficiency are quoted in [10] and are est
value to be used for the 2010 level advanced and geared turbo-mates of 2015 component performance. The LPT adiabatic stag
fan cycles. Using Fig. 3 as a guideline, the anticipated OPR for efficiency is a function of the LPT loading and flow coefficient
the 2020 N+2 simulations is conservatively estimated at approx- using curves defined by Aungier [32]. The LPT stage count is
imately 46 which is lower than other N+2 studies [7]. calculated within the EDS environment and is a function of LPT
loading. The GEnx LPT stage count is 6 stages and is therefore
general target for the LPT [31]. The HPT stage count is an input
and is held at 2 stages, consistent with the GEnx HPT.

15
Manufacturer

 Engine Alliznce As fan aerodynamic and material designs improve, the nec
e em@SSary blade count to achieve a specific pressure ratio whil
a0 Rotls ey L maintaining efficiency is reduced. This leads to significant

weight savings and must therefore be captured by the advanc:
cycle development process. The blade count of the baselin
model was therefore reduced from 22 to 18 and the associate
solidity factors were reduced accordingly.

Finally, the cycle design must be completed by determining
appropriate values for FPR, extraction ratio, and LPT loading fol
the direct drive engine. For the geared turbofan model, the ge:
ratio is added as an additional independent variable. A spac
filling latin hypercube design of experiments was constructed fo
both the GTF and direct drive advanced cycles to determine th
best fuel burn settings. For each test case 567 design settin
were analyzed with 359 settings for the GTF and 208 setting
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ear of Gerication for the direct drive. Table 1 shows the ranges for each desig
variable. Because of the higher rotational speed of the LPT o
FIGURE 3. COMMERCIAL ENGINE OPR HISTORY the GTF, the range of LPT loading for the GTF was at lower

values than for the DDTF. The results of these experiments wil
be covered in the next section.

The next step is to determine an appropriate value for the
HPC pressure ratio. The GEnx engine will have a similar com-
pressor to the GE9O, with an HPC pressure ratio of 23 [31].
Once overall and compressor pressure ratio are determined for

TABLE 1. RANGES OF DESIGN VARIABLES IN LATIN HYPER-
CUBE DOE

the advanced cycle, then the low pressure compressor and fan DDTF GTF
pressure ratios are bound by a fixed ratio with respect to each min max min max
other. Therefore choosing a FPR in effect chooses LPCPR, in PR 14 16 135 L6
order to maintain the chosen values of OPR and HPCPR. Al- E:r:‘;‘i:‘iam = = n =
though FPR will be used as an independent variable in the cycle Gear Ratio NA A 5 P

selection trade study, a somewhat arbitrary value of 1.5 will be
chosen to create the baseline advanced cycle. Accordingly, the
LPCPR falls out when taking account of pressure losses in the
ducts between the compressor elements. Given the HPC pres-
sure ratio, the HPC loading is increased to match the GEnx HPC
stage count of 10 [31]. Such a low stage count is possible due to aTEST CASES
steady increase in maximum per stage loading, facilitated by in- There are five test cases that are used to demonstrate t
novations in aerodynamic analysis and design as well as the usechange in engine performance with respect to different technolc
of advanced materials [30], which thereby eliminates the weight gies, engine architecture, and airframe architecture. The firs
penalty conventionally incurred by increased HPCPR. case that will be examined is a 2010 engine and airframe tect
For all the test cases, the turbine inlet temperature was held nology on a tube and wing aircraft. The second test case i
constant. Thus when technologies such as CMC blades andN+2 level engine and airframe technologies, applied to a tub
vanes or improved film cooling are applied, the resultant en- and wing aircraft. The third test case examined is N+2 engine
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TABLE 2. BASELINE 300 PAX PERFORMANCE

FPR

1.58

BPR

8.80

TSFC

0.5363

Engine Diameter

123

5LS Thrust

97300

fan has approximately a 3% lower fuel burn than the DDTF while
the maximum noise margin is about 2 dB higher. Note that thic
is not true for every design, since some GTF cases are actual
above the DDTF Pareto curve, but in general these trends refle
the paradigm shift that the GTF technology represents for higl

Engine Weight 16658 by-pass ratio turbofans.
LPC stages 3

LPT stages 6

Fuel Burn 246329

Stage IV Noise Margin| 11.2 220000

TOGW 656000 217500

OEW 320800 215000

212500
210000
207500 -
205000 -
202500
200000
197500
195000
192500

and airframe technologies applied to a HWB aircraft with pod-
ded engines. The fourth and fifth test cases are N+2 engine and
airframe technologies applied to a HWB aircraft with boundary
layer ingestion (BLI) engines. The difference between these two
BLI cases is in the first case the engine is flush mounted on the
airframe while in the second case the engine is embedded in the
airframe. In addition to demonstrating the effects of boundary
layer ingestion, these cases can be used to highlight the sensitiv- 199090
ity of vehicle performance with respect to assumptions made on
cycle performance. All the N+2 test cases analyzed below con- Stage IV Cumulative Noise Margin, dB
tain only one of the 1800 technology combinations used in ERA
vehicle. asse_ssm(_ant [33]. Forall the sub_sequent figures below, theFIGURE 4. 2010 TUBE AND WING PERFORMANCE VERSUS
test points with diamonds represent a direct drive turbofan (ddtf) ERA METRICS
engine while the circles represent a geared turbofan (gtf) engine.

Before the results of the test cases are analyzed, an appro-
priate baseline has to be defined. As mentioned previously, the
GE90-94B represents the baseline engine configuration while the

* ddtf
o gtf

Fuel Burn, lbs

representative airframe is the Boeing 777-200ER with a pay- TABLE 3. 2010 TUBE AND WING PERFORMANCE
load of 301 seats. The design mission for the vehicle from the Direct Drive Geared Turbofan
fuel burn is calculated is 7440 nautical miles. Below in Tab. 1 FB';‘; i:g; i:‘j: 19-59569 ;322 E‘:‘z’ i;‘:i
are some baseline performance figures for the 300 pax aircraft. . 22023 105052 To.0103 (02977 0495 o508
These values can be used as a reference throughout the rest of the |z piameter 1373 | 1235 | 1165 | 1262 | 1323 | 1242
paper. SLS Thrust 84960 | 81385 | 80322 | 83142 | 79307 | 78517
Engine Weight 19253 15225 | 13467 | 17182 14223 12662
LPC stages 3 3 2 2 2 2
2010 Tube and wing LPT stages 10 8 7 3 4 3
The 2010 tube and wing aircraft configuration has improve- Gear Ratio 1 1 1 288 | 215 | 2.09
ments to both the engine and aircraft relative to the baseline en-  [fue/8um | 209812 | 201287 | 200072 | 206721 | 193853 | 193270
. . . . . Stage IV Noise Margin| 17.8 14.7 11.8 13.8 16.8 15.1
gine. Tgchnologleg such as composites were appllgd to the air- oo vy pum P Py p———
frame wings while improved component aerodynamics and fan 5oy 278534 | 261889 | 255152 | 272072 | 257780 | 251712

design were applied to the engines.
The raw data scatter plot from the Latin hypercube design
of experiments for the 2010 technology level is shown in Fig. 4

with noise margin on the horizontal axis and overall fuel burn Since the goal of the ERA project is to simultaneously meet

on the vertical axis. The solid curve shown is the outline of the noise and fuel burn metrics, the engine cycle can be used as :
Pareto curve for this set of data, which is the curve that defines additional technology knob. If a certain metric cannot be met

all of the potential "best” solutions from the data set. All points

the design engine cycle may be changed to help improve it. How

above this curve are dominated by some solution on the curve. ever, as seen from the shape of the Pareto curve, there is a trade
Figure 4 shows that the minimum fuel burn for the geared turbo between noise and fuel burn, where an increase in one will ger

Copyright © 2011 by ASME



erally result in a decrease in the other. From each Paretecurv be applied to a N+2 aircraft to best meet all the performance
there has been selected 3 points of interest which will be defined goals is beyond the scope of this paper.

as follows for both the DDTF and GTF: the far left column is Figure 5 shows the scatter plot and Pareto curves for th
the "Best Noise”; the middle column is the "Compromise”; and N+2 level technology aircraft. The trends noted in the 2010 leve
the far right column is the "Best Fuel”. The "Compromise” case technology aircraft are similar where fuel burn increases and cu
was chosen to have the maximum noise margin that is within 1% mulative noise decreases as FPR decreases. Similar to the 2C
fuel burn of the minimum fuel burn. These cases are shown in level trends, the GTF offers approximately 3% lower fuel burn
Table 3 with the various cycle and vehicle performance parame- relative to a direct drive engine for the best fuel burn case.

ters associated with each case. Using these points, relative to the

baseline, the GTF can obtain up to 20% reduction in fuel burn

or approximately 12 dB reduction in cumulative noise, while the 170000
direct drive offers up to 15% reduction in fuel burn or approxi- 168000
mately 12 dB in cumulative noise. 166000

The first trend of importance to note is the variation of fuel p—

burn and BPR with FPR. As FPR falls, there is a general increase
in BPR and a decrease in TSFC associated with the increased
propulsive efficiency of the cycle. This generally leads to a de-
cline in total fuel burn with a decrease in FPR. However, the 158000
smaller FPR has two counteracting factors to overall fuel burn. 156000
The first is that the specific thrust tends to decrease with a de-
creasing FPR, requiring the engine to have larger diameters to
meet thrust and therefore produce more nacelle drag; the second
is that the increased fan and engine size generally lead to heavier =~ 130000
total engine weight. This leads to a larger thrust requirement in

the mission analysis and necessitates the scaling of the engine Stage IVCumulative Noise Margin, dB
thrust in the engine design loop, which in turn requires the scal-
ing of the entire vehicle to maintain the thrust to weight design
point. The net result produces a somewhat second order trend
which places the minimum fuel burn at FPR = 1.559 for DDTF,
and FPR =1.462 for the GTF. Note that, in general, decreasing
FPR tends to decrease TSFC for high by-pass ratio turbofans;
however the "Best Noise” case for the GTF was near the bound-
ary of the design space explored and the Latin hypercube DOE

162000
160000 -

Fuel Burn, lbs

154000

152000

20 22 24 26 28 30 32 34

FIGURE 5. N+2 TUBE AND WING PERFORMANCE VERSUS
ERA METRICS

TABLE 4. N+2 TUBE AND WING PERFORMANCE

did not sample a test point that resulted in lower TSFC than the = 1_4030'reﬂ§;ve Toa0 1_3:earefj:2rb°fir_15&5
"Compromise” case. BPR 16.85 | 14.07 | 1191 | 20.00 | 150 | 12.69
Additionally, the OEW and TOGW tend to trend similarly TSFC 0.50 | 0.5034 | 0.511 | 0.4965 | 0.499 | 0.5047
with fuel burn, since the vehicle is being scaled at higher diame-  [Engine Diameter 1275 | 1155 | 108.2 | 1346 | 116.3 | 1084
ter configurations. Table 3 shows that lowering FPR is shown — [=SThwust 71992 | 68968 | OB110 | 70800 | 67109 | 66278
. . . . Engine Weight 14369 | 11304 | 9732 | 12925 9463 8456

to have a direct effect on reducing the cumulative noise mar- |50 oo 2 3 3 3 5 5

gin. Also, the GTF configuration has a LPT stage count which  [lo7 stages 12 10 8 a 1 3
is independent of FPR, since the gear ratio can be used to allow |Gear Ratio 1 1 1 292 | 2.09 | 206
for higher speed LPT’s which operate at higher efficiencies and  [Fuel8urn 164361 | 157281 | 156083 { 161350 | 152475 | 151268
weigh less due to a decrease in stage length and blade count. Stage IV Noise Margin{ 308 | 285 | 253 | 1.7 | 266 | 240
TOGW 434803 | 464768 | 457410 | 476922 | 452664 | 447214
OEW 239586 | 227465 | 221482 | 235007 | 220754 | 216677

N+2 Tube and Wing

The N+2 tube and wing aircraft configuration represents the
further inclusion of other airframe and engine technologies rela- Table 4 summarizes the results for the "Best Fuel”, "Com-
tive to the 2010 aircraft. Some of these technologies were men- promise”, and "Best Noise” cases as done for the 2010 study. Th
tioned earlier in the paper. For this and all other cases using N+2 inclusion of the N+2 technologies results in further increases ir
level technologies, a single representative subset of the technolo-the BPR for both the direct drive and GTF engines, as well as a:
gies are applied. The final selection of which technologies should sociated decreases in fuel burn, OEW, and TOGW. Even thoug
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the BPRs have increased across the board, the engine diameter ;...
have actually decreased because of the inclusion of drag reduc-

tion technologies. The noise margins have increased due to the 129000
addition of N+2 level noise technologies, but in this case, the
"Best Noise” GTF provides a 50% smaller increase in noise mar-
gin (1dB). For both the "Compromise” and "Best Fuel” cases, the
noise margin on the GTF is lower by about 1-2 dB than the cor-
responding DDTF. Even though the DDTF "Compromise” and
"Best Fuel” cases have better noise margins than the correspond-
ing cases for the GTF, a design compromise could be made such
that the GTF could meet any target for noise margin that the
DDTF could offer while still providing a significant fuel burn re- 117000
duction. This is more clearly reflected by comparing the Pareto | .., ‘
Curves in Fig. 5. Picking a point on the GTF Pareto curve that - 25 . %5 A a3 A5 -
matches the DDTF best compromise noise margin still results in Stage IV Cumulative Noise Margin, dB

a 1.5% reduction in fuel burn relative to the DDTF. For this GTF

cycle, the FPR is 1.415, BPR is 17.39, and the TSFC is 0.4933.

127000

125000

lbs

123000

Fuel Burn

121000

119000

FIGURE 6. N+2 HWB WITH PODDED ENGINES PERFOR-
MANCE VERSUS ERA METRICS
N+2 Hybrid Wing Body With Podded Engines
The hybrid wing bpdy aircraft has the.potential to offer fur—. TABLE 5. N+2 HWB WITH PODDED ENGINES PERFOR-
ther fuel burn and noise reductions relative to the more tradi- \,AncE
tional tube and wing aircraft due to improved aerodynamic per-
formance and noise shielding [34]. This test case explored the

engine performance on a HWB aircraft with an identical set of Direct Drive Geared Turbofan
technologies as used on the previous case. Fig. 6 shows the™F 1403 | 1482 | 1567 | 1353 | 1462 | 1.565
. . . BPR 16.88 14.22 11.80 20.29 14.95 12.48
scat.ter plot matnx_ and Pareto curves associated with the poddedTSFc 05033 | 05056 | 05132 | 006 o502 | 05072
engine configuration for the DDTF and GTF. The trends of fuel & e piameter 1290 | 1035 | 955 | 1212 | 103 5.8
burn and noise with respect to FPR are the same as observed folsis thrust 55980 | 54488 | 53611 | 55818 | 53088 | 52586
the tube and wing case, as are the typical improvements of the Engine weight 10588 | 8560 | 7261 | 9955 | 7136 | 6451
GTF engine over the DDTF. The engine configurations for the ‘Pcstages 4 3 3 s 2 2
podded HWB and tube and wing produce similar trends for the —— 2= = = - T IR
cases close to the Pareto frontier as seen in comparing figures Sc 2 zom 26135 | 121178 | 120371 | 125370 | 119723 | 116011
and 6. In this case, the GTF provides a 3.5% potential fuel reduc- [stage Iv Noise Margin | 45.6 436 0.6 6.2 423 38.9
tion and 0.5 dB noise margin increase relative to the best casesjrocw 416236 | 402859 | 398317 | 412732 | 394574 | 389661
for the DDTF. QEW 213536 205666 202047 210814 201289 198245

Moreover, many of the cycle values shown in table 5 for the
three cases of interest are remarkably close given the vast differ-
ences in the aircraft. Similar to the N+2 tube and wing analy-
sis, taking the "Compromise” solution from the DDTF data, and
finding the GTF point which matches that noise margin, the GTF
can provide an additional 1.87% fuel reduction while matching
the DDTF noise margin. The cycle values for this compromise
case are FPR of 1.424, BPR of 16.68, and TSFC of 0.5012.

ted area [5]. However, there are potential adverse effeota fr
boundary layer ingestion. The ingesting of the boundary laye
results in a lower engine inlet pressure which reduces the engir
thermal efficiency. There may also be additional losses becaus
of mixing or, for embedded engine in particular, the use of a large
S-duct inlet. These additional pressure losses in the duct may |
on the order of 1-2% [5] [6]. Additionally, the non-uniform flow
N+2 Hybrid Wing Body With Boundary Layer Ingestion in the inlets may result in reductions in fan efficiency and stall
Engines margin. Technologies such as inlet flow control and 3-D aero
For the HWB aircraft there is further opportunity for fuel dynamics can aid in reducing and even potentially eliminating
burn reductions by placing the engines in the boundary layer of some of adverse effects on the fan [35]. Two boundary layer in
the aircraft. This allows for ram drag reduction by the engines gestion cases are explored in this paper: flush mounted engin
ingesting the lower momentum boundary layer as well reduc- and embedded engines. The lower momentum inlets for the el
tion of the viscous drag of the airframe because of reduced wet- gine resulting from boundary layer ingestion were modeled ir
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a similar fashion as that of NASA N+3 BLI studies [36]. BLI ~ TABLE 6. HWB WITH FLUSH MOUNTED ENGINES PERFOR-

engines may have additional noise benefits due to the increasedMANCE
effictiveness of shielding. However, this effect was not accounted

for in these simulations. Direct Drive Geared Turbofan
Figure 7 shows the Pareto curves of the DOE for the flush rer 1407 | 1492 | 1587 | 136 1462 | 1565
mounted engine with a BLI engine. To estimate the effects of EPR 16.09 | 1344 | 1125 | 19.24 | 1437 | 1190
mixing of the boundary layer and freestream flows, the BLI inlet X 05139 | 0.5049 | 0.5127 | 0.503 | 0026 | 0.3067
Engine Diameter 113.7 102.2 94.8 119.1 102.7 95.3

was assumed to have a 1% higher total pressure drop relative to

| _ A SLS Thrust 55626 53573 52750 54475 52363 51742
the podded engine case. In this case, the GTF provides a 3.1%g,zine weight 10529 | sar7 2268 9697 7190 6399
fuel burn reduction and 0.5 dB noise margin increase relative Lpcstages 4 3 3 3 2 2
to the respective best cases for the DDTF. Taking the "Compro- LPTstages 10 10 B 4 4 3
mise” solution from the DDTF data, and finding the GTF point  SearRatio 1 L L 292 | 209 | 206
which matches that noise margin, the GTF can provide an addi- [ B T B
. . ) g, . P ’ Stage IV Noise Margin | 46.0 43.7 40.8 46.4 42.6 39.3
tional 2.4% fuel reduction while matching the DDTF noise mar- |roow 413531 | 396202 | 391020 | 404736 | 387814 | 383603
gin. This means that the GTF improvement over the DDTF for |oew 212947 | 204749 | 200871 | 209367 | 200155 | 197476

the same noise margin actually increases by mounting the engine
flush with the fuselage. The cycle for this compromised case is a

FPR of 1.453, BPR of 14.97 TSFC of 0.5029.
° 53, 0 97, and a TSFC 0f 0.5029 and finding the GTF point which matches that noise margin, the

GTF can provide an additional 1.4% fuel reduction while match-
ing the DDTF noise margin. This means that the GTF improve-
ment over the DDTF increases for the best case, but actually d¢
creases in the case where a noise compromise is reached betw
the DDTF and GTF. The cycle for this compromised case is ¢
FPR of 1.464, BPR of 14.7, and a TSFC of 0.5171.

126000

124000

122000

120000

118000 -

130000
116000

Fuel Burn, |bs

128000

114000 196000

112000 124000

110000 f‘lZZOOO
33 35 37 39 41 43 45 47 ,§
— 120000
Stage IVCumulative Noise Margin, dB 5
“118000
116000
FIGURE 7. HWB WITH FLUSH MOUNTED ENGINES PERFOR-
MANCE VERSUS ERA METRICS 100
112000
35 37 39 41 43 45 47
Embedding the engine in the airframe reduces the overall Stage [VCumulative Noise Margin, dB

drag because of a decrease in the wetted area of the nacelle.

Howevgr, embgdding the engine may require the use of a Iarge FIGURE 8. HWB WITH EMBEDDED ENGINES PERFOR-
S-duct mle_t which may increase the pressure drop_ across the_ iN-\IANCE VERSUS ERA METRICS

let. To estimate this effect, all the embedded engine test points

were simulated with an additional 1% total pressure drop across

the inlet relative to the flush mounted engines. Figure 8 shows

Pareto curves of the DOE for the embedded engine with BLI. In

this case, the GTF provides a 3.6% fuel burn reduction and 0.5dB Summary of Test Cases

noise margin increase relative to the respective best cases for the  Tables 8 and 9 summarize the differences between each ca
DDTF. Taking the "Compromise” solution from the DDTF data, for the direct drive and GTF engine, respectively. From the base
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TABLE 7. HWB WITH EMBEDDED ENGINES PERFORMANCE  than the podded case, but is still worse than the flush case. The

results stress the critical importance of designing low pressur

AL Geared Turbofan loss inlets for the BLI configuration
FPR 1.407 1.492 1.523 1.36 1.462 1.565 g '
BPR 16.00 13.34 12.33 19.09 14.28 11.584
TSFC 0.5267 0.515 0.5186 0.5176 0.513 0.5152
Engine Diameter 1161 | 103.7 | 1002 | 1218 | 104.2 96.7 TABLE 8. ADVANCED DIRECT DRIVE ENGINE PERFOR-
SLS Thrust 56667 | 53998 | 53576 | 55515 | 52828 | 52303 MANCE
Engine Weight 11110 8794 8073 10143 7422 6605
LPC stages 4 3 3 3 2 2
LPT stages 10 10 q 3 4 3 N+2 HWB with] N+2 HWB with | N+2 HWB with
Gear Ratio 1 1 1 2.92 2.09 2.06 _ N+2Tu_be Pod_ded Flush Nlo_unted Embed_ded BLI
Baseline 2010 |and Wing| Engines BLI Engines Engines
Fuel Burn 127838 | 118232 | 117035 | 123491 | 114353 | 112786 —n T2 1o | 12 Lam2 Tan2 Tan2
Stage IV Noise Margin 45.9 43.9 42.5 46.3 42.7 39.6 BPR .80 11.45 14.07 14.22 13.44 13.34
TOGW 421393 401240 396931 A12628 391406 387076 TSFC 0.5363 0.5082 0.5034 0.5056 0.5049 0.515
OEW 215733 206470 203530 211799 201007 198515 Engine Diameter 123 123.5 115.9 103.5 102.2 103.7
SLS Thrust 97300 81385 68968 54488 53573 53998
Engine Weight 16658 15225 11304 8560 8477 8794
LPC stages 3 3 3 3 3 3
LPT stages 6 8 10 10 10 10
. . . . Gear Ratio 1 1 1 1 1 1
ImeT to the 2010 Ieyel technology, there is an increase in OPR —— T B e B TR o T
which leads to a higher BPR, lower TSFC, fuel burn, and empty [swageivnoisemargin| 112 [ 147 [ 285 426 427 433
H g H . TOGW 656000 547286 464768 402859 396204 401240
weight. Additionally, adding the N+2 technologies to the tube TTRETT R TR s o0

and wing configuration allows for higher OPR due to the in-
crease in the allowable temperature of the high pressure compres-
sor. However, many of the noise technologies used in this study
require cycle bleed penalties which degrade the overall TSFC,

which is why TSF tually incr ing from 2010 to th
chis y TSFC actually creased going fro 010 to the TABLE 9. GEARED TURBOFAN ENGINE PERFORMANCE

N+2.
Going frc_)m thg tube and wing configuration to the HWB FRFPTVTVAT S RwR— E—
podded configuration does not have much effect on the engine N+2Tube| Podded | Flush Mounted | Embedded Bl
. H H o Baseline| 2010 [and wWing Engines BLI Engines Engines
cycle performance, as most qf the cycle metrics did not signifi- — T s T — v
cantly change. However, the important effects captured here arejess 880 | 1472 | 1510 | 1ass 1437 14.28
the gains made in the metrics by the change to the revolutionary [¢ 05363 | 0492 | 0495 | 05021 05026 0513
. . . Engine Diameter 123 132.3 116.3 103 102.7 104.2
HWB concept. The first point to note is the somewhat expected |5 rhrust 7300 | 79207 | erwes | 53088 52363 52828
increase in noise margin:; for the best noise N+2 cases, the in- et Weight T e e = e
. . . . . . vy stages
crease in cumulative noise margin is a significant 15 dB. Fur- mmges o p a a 2 2
thermore, similar improvements are seen with respect to mission —— L e e 2 2
. ue urm
fuel burn and OEW with 23% less fuel burn and 8.3% leSS eMpPtY [swge v nowe varzn| 112 | 168 | 266 3 e 27
weight. Relative to the baseline, the HWB offers close to a 50% [r2sw E36000 | 534800 | 452664 | 394574 387814 301406
OEW 320800 257780 | 220754 201289 200155 201007

reduction in fuel burn or up to 40 dB reduction in engine noise.
The addition of boundary layer ingestion with flush mounted

engines does not degrade TSFC much, since the loss in inlet pres-

sure recovery is countered by the decrease in ram drag associated

with ingesting the boundary layer. Additionally, flush mounting

the engine allows for lower nacelle drag since the total wetted Conclusions and Future Work

area of the airframe is reduced. The net effect of these three This paper presents an engine sizing and cycle selectio

phenomena is to improve fuel burn relative to the podded case study of ultra high bypass ratio engines applied to a subsoni

by 4.7%. For the case of the embedded BLI engine, the pres- commercial aircraft in the N+2 timeframe. Five test cases were

sure drop was increased by 1% across the inlet. This results in aused to demonstrate the change in engine performance with r

slightly higher TSFC relative to the flush mounted case because spect to different technologies, engine architecture, and airfram

of the degraded thermal efficiency and the fact that there are no architecture. It was shown that a GTF had the potential to opel

further reductions in ram drag by embedding the engine. The na- ate at lower fan pressure ratios than a direct drive engine offerin

celle drag is diminished since the total wetted area of the nacelle both improvements in fuel burn and noise. In general, the N+:

is further reduced by embedding the engine. The net effect is that technologies offer approximately 38% reduction in fuel burn anc

the fuel burn for the embedded case is approximately 2.5% better 20 dB increase in noise margin. The HWB potentially can offer

9 Copyright © 2011 by ASME



a further 23% fuel burn reduction and 15 dB noise margin. The Layer Ingesting (BLI)Propulsion System”. In 45th AIAA
flush mounted engine with boundary layer ingestion was shown Aerospace Sciences Meeting and Exhibit. AIAA 2007-450.
to provide an additional 4.7% improvement in fuel burn relative  [7] Hall, C., and Crichton, D., 2007. “Engine Design Studies
to the podded case. Embedded engines in the HWB potentially for a Silent Aircraft”. Journal of Turbomachinery,129,
can offer further reductions in fuel burn but it was demonstrated July, pp. 479-487.

the design of a low loss inlet is critical in realizing these benefits, [8] Blanco, E., Hall, C., and Crichton, D., 2007. “Chal-
since even a 1% increase in total pressure loss can counteract the lenges in the Silent Aircraft Engine Design”. In 45th AIAA

gains from reduced airframe drag. Aerospace Sciences Meeting and Exhibit. AIAA 2007-454.
Future work will be to extend this study to different size  [9] Crichton, D., Xu, L., and Hall, C., 2007. “Preliminary Fan
aircraft and engines as well as the exploration of which pack- Design for a Silent Aircraft”.Journal of Turbomachinery,

ages of technologies can be applied to simultaneously meet ERA 129, January, pp. 184-191.

fuel burn, noise, and emissions goals. This can be extended to[10] Guynn, M., Berton, J., Fisher, K., Tong, M., and Thurman,
a probabilistic assessments to quantify the risk in pursuing dif- R., 2009. Engine Concept Study for an Advanced Single-
ferent technologies. These assessments will be used to perform Aisle Transport. Tech. Rep. NASA/TM-2009-215784.
fleet impact studies Additionally the EDS environment can be [11] Tong, M., Jones, S., and Haller, W., 2009. Engine Concep

used to study different bleed/cooling flow scheduling algorithms tual Design Studies for a Hybrid Wing Body Aircraft. Tech.
or an embedded engine sensitivity study to provide optimal per- Rep. NASA/TM2009-215680, November.

formance and maximum operability. Other future work includes [12] Schutte, J., and Mavris, D., 2010. FY2010 Environmen-
the integration of the "open rotor” engine technology into the tally Responsible Aviation Systems Analysis Task 1 Re-
EDS framework. port: Technology Portfolio and Advanced Configurations.

Tech. rep., August.
[13] Tong, M., 2007. A Probabilistic System Analysis of In-
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