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COMPUTERIZED SYSTEMS ANALYSIS AND OPTIMIZATION OF AIRCRAPT
ENGINE PERFORMANCE, WEIGHT, AND LIFE CYCLE COSTS

by
. Laurence H, Fishbach?®

National Aeronautics and Space Administration
Lewls Research Center
Cleveland, Ohilo
44135
USA

SUMMARY

Avallability of a suitable propulsion system is generally acknowledged to be a key
requirement for the successful development of a new airplane. This paper describes the
computational techniques utilized at Lewls Research Center to determine the coptimum pro-
pulsion systems for future aircraft applications and to !dentify system traceoffs and
technology requirements.

Over the last five years, the NASA Lewis Research Center has obtained a greatly in-
creased capabllity of performing detalled studies of engine cycles on the computer. Many
more parameters can now be accounted for in the engine selection process. We can calcu-
late cycle performance, engine welight, predlct costs and account for installation effects
as opposed to fuel consumpticn alone. Almost any conceivzdle turbine engine :ycle can te
studled since we do not rely on preconfigured simulation codes but can input the engine
cycle externally *o the codes. Mcst of this capability has come through the joint ef-
forts of the Naval Air Development Center, The Boeing Company and NASA Lewis.

These computer codes are:

NNEP - a very general crcle analysis code that can assemble and arbitrary matrix of
fans, turbines, ducts, shafts, etc., into a complete gas turbine engine and cozpute on-
and off-design ther=zodynamic performance

WATE -~ a preliminary design procedure for calculating engine weight using the com~
ponent characteristics determined by NNEP

LIFCYC ~ a computer code presently belng developed in conjunction with the Navy to
calculate 1ife cycle costs of englines based on the output from WATF

INSTAL - a computer code presently beilng developed under contract to calculate in-
stallation effects, inlet performance and inlet weight :

POD DRG - a tahle look-up program to calculate wave and friction drag of racelles

Examples will be givern %o 1llustrate hcw these computer technigues can be applied 3
analyze and cptimize propulsion system fuel consumption, weight and cost for representa-
tive types of alrcraft and missions.

INTRODUCTION

The airplanes, engines and missions of today are far more complicated than those of
Just a few years ago- The abllity to determine the optimum combination of alrplane and
engine 13 of paramount importance. But what is the optimum combination. Is it the en-
gine that burrs the leas® fuel?; Costs the least to operate?; Can minimize installation
penalties?; Minimizes fuel plus engline weight?; A combinatiocn ef the above?

Each airplane/engine system probtably has i1ts own criterifa of optimization. It 1s
therefore necessary to develop the analytical tools capable of calculating all the fac-
tors which enter into the selection process. This paper discusses the computer tech-
niques emp.oyed at the NASA Lewls Research Center to perform these calculations. The
process by which almost any concelvable turbine engine can be evaluated as to fuel con-
sumption, engine weight, cost and installation effects 1s described. Examples are shown
as to the benefits of variable geometry and of the tradeoff of fuel burned versus engine
weight. FPFuture plans for further improvements in the analytlcal modeling of engine sys-
tems are also described.

HANDMATCHING

In order to determine engine operating characteristics at specified flight eondi-
tions, methods were developed in the 1940's for superimposing engine component matching
maps for simple engines such as turbojets and turboprops. These methods involved labori-
ous hand calculations and performance map transformations to determine at what operatiqg
eonditions of the engine components continuity of mass and energy, and mechanical speed
relationships were satisfied. Needless to say, especlally when methods were developed
for a two spool engine, hours and even days were required to determine an operating line
for an engine. A thorough discussion of these methods can be found 1in reference 1. Pig-
ure 1 1llustrates the time frame and capabilities that existed.

¥head, Flignht Ferformance Section, Mission Analysis Branch, V/STOL and Noise Division.
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2
EARLY COMPUTER BASED MATCHING CODES

With the advent of high Speed computers, the task of matching of the engine compo-
nents could not only be solved faster but more complex engines such as two-spool engines
with a bypass flow (turbofan) could be simulated. Many companies, universities, and
government installations developed computerized methods. One of the earliest of these
matching computer codes was called SMOTE and was developed at Wright Patterson Air Force
Base (ref. 2). SMOTE was capable of matching two 3pool turbofan engines. This capabil-
ity was expanded by the development of GENENG and GENENG II at NASA's Lewis Research
Center. The GENENG codes (refs. 3 and 4) were capable of matching one, two or three
spool engines with as many as three nozzles. Turbofans with booster or supercharger
stages on the compressors could be simulated as well as aft~fan engines. GCENENG served
as the main simulation code in NASA and was adopted for use by over 20 Government agen-
cles, companies, and universitles. A version of GENENG called DYNGEN was developed at
Lewis to simulate transient behavior of turdofan engines (ref. 5) for use in control sys-
tem studles.

THE NAVY/NASA ENGINE PROGRAM (NNEP)

Since 1973, the NASA Lewls Research Center has been conducting studies of advanced
supersonic engines including Variable Cycle Engines or VCE's. These engines take advan-
tage of the use of variabl: geometry components and in-flight flow switching capabilities
such as from mixed flow to separate flow to attempt to deliver good engine performance at
supersonic conditlions as well as subsonlec. By optimizing the exhaust profile during take=
off significant decreases in Jet noise can also be achieved. It became apparent that
GENENG and similar codes could not simulate some of the concepts coming out of the stude
les. The new cycles did not fit into any of the engine concepts already built into the
codes.

Two options were avallable. A new specific code could be developed for each new
engine concept, or a general ccde capable of simulating any engine could be developed.
The second alternative was chosen as being more time efflcient in the long run and more
responsive to any immediate neel., We, therefore, decided to develop a new computer code
in which an arbitrary engine configuratlion consisting of selected combinations of compo-
nents could be described at input time. It was also necessary to allow changes in engine
configuration while running the code to simulate the operation of various VCE concepts.
Furthernore, because of the large number of variables, 1t was highly desirable to opti-
mize the settings of varlable conponents such as nozzla or turbine areas (e.g., to nini-
mize SFC for a given thrust).

Contact with the Naval Air Development Center, YWarminster, PA, revealed that they
had a computer code, NEPCOMP (ref. €), which already contalned socme of the Zeatures de=-
sired and whose structure was Zlexible encuzh to per=it the addi.l-n o2 others. This
code lacked optimizaticn capability and the abllity toc operate with "stacked" maps whrich
would represent variable component perlirma:nce. However, 1t already had the capability
for processing arbiltrary engine configurations. NASA-Lewis therefore contracted with the
Naval Alr Development Center for the Jolnt development of an improved computer code. The
obJective of the Joint effort was to obtaln a code capable of: simulating any turbine
engine the user could ccncelve, simulating variable component performance, changing air-
flow paths while running, and optimizing variable-gecmetry settings to minimize the spe-
eific fuel consumption or maximize the thrust.

An interinm version of this new code given the acronym NNEP (Navy NASA Engine Progranm)
became operational in May of 1974 and has been contliruously refined since then to include
all of the desired capabllitles.

NNEP contains almost all of the subroutines and incorporates the philosophy of con-
struction of NEPCOMP as described in reference 6. The major improvem=nts incorporated in
NNEP relative to NEPCOMP are the addition of: (1) a performance optimization capability,
(2) processing of stacked component maps for VCE operation, (3) multiconfiguration (modes)
to simulate flowpath switching, (4) a computer generated engine configuration schematic,
(5) throttle depcndent inlet and boattall drag calculations, and (6) a simpler input data
format.

As previously mentioned, the engine 1s configured at input time in running NNEP.
Pirst, the user draws a schematic of the engine he wishes to study, for exazple, a simrle
turbofan as shown in figure 2. He assigns a flow station mimber 1 at the entrance to the
inlet and labels the inlet as cooponent number 1. After this he is free to assign any
number at the other flow stations in the engine and to label each of the ccmponents with
any component number. One problem that does arise is that 1s not possible at all times
to label the flow stations in accordance with the Aerospace Recommended Practice ARP TSSA.

The components that can be simulated in NNEP are as follows:
Plow_components - falling under this classificatlon are
(1) Inlets

(2) Ducts/burner oRlGﬂl
(3) Co:::es:::s ) FaGs IS
OF POOR GuariTy
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(4) Turbines

(5) Mixers

(6) Heat exchangers
(7) Splitters

(8) Mozzles

(3) Water inlectors

Mechanical componerts =

(1) Shafrs
(2) Loaads

Control and optimization components -
(1) Controls

(2) Optimization variables
(3) Lizit variables

There 1s a limit of a total of 60 components (including all of the flow, mechanical,
ecntrol and optimizaticn varlables) allowed within the code. The maximum number of any
one type of flow or mechinical components 1s 24 and the maximum number of controls +
optimization variables is 20. A KONFIG input card is then generated by the user for each
component as shown in figure 3. This figure is for the compressor in figure 2. The com-
ponent 1s identified as component number 4, that it 1s a compressor and that its primary
upstream flow station nuzber 13 U, there 1s no secondary upstream flow; that the primary
downstream flow station s number 5; and the secondary downstream flow station is number
13 (bleed flow). After all the components have been "configured,™ NNEP generates its owm
flow path loglic by Joining components by the station numbers.

Each component has assoclated with It up to 15 required inputs describing the com=
ponent. These inputs are usually design values such as pressure rise or map numbers
corresponding to prestored performance maps for the component. An illustration of the
specifications fcr the coxzpressor in figure 3 is shown in figure &,

Control information s also entered as input identifying both the indeperdent and
dependent varlatle as shown in figure S. Optimization varlables are entered siailarly as
shown in figure £.

NNEP has proven to te a powerful analytical tool. Its primary purpose is to gener-
ate engine performance data for mission analysis studles. A typlcal use is shown in fig-
ure 7. This figure 1llustrates the specific fuel consumption of a supersonic turbofan
engine as a function of engline thrust when the supersonic engine is operated at a subson-
ic cruise conditicn Mach 0.3 at 11 000 meters (36 089 ft). Shown on the figure are three
curves. The bottom curve represents the engine performance on an uninstalled basis, that
1s, a pure thermodynamic cycle calculation. None of the variable-geometry features of
*he engine have been utilized.

An engine and inler ahlich are eizes for supersunis crulze can suffer significant ine-
stallation losses subsonlely. At the reduced pcwer settings the inlet will pe capable
of swallowing more air than the englne requires resulting in inlet splllage drag. The
boattall aft of the engine will not be filled with engine air resulting in additional
drag. Installed performance for the filxed-geonetry engine 1s represented by the upper-
most curve. As can be seen the difference between installed and uninstalled performence
increases as engire thrust is reduced. The engine specific fuel consumption {ncreases
rapidly at the lower power settings.

. The introduction of variable gecmetry features into the engine can greatly change
the shape of the installed performance curve. The performance of the engine with a vari-
able gecmetry nozzle and variable area low pressure turbine 1s shown on the remaining
curve. The optimization capability of NNEP has been used to determine the optimus values
of the two independent varilables, As can be seen, the curve 1s essentially flat. The
components have varied to saintain as high an airflow as possible through the engine to
reduce the spillage and boattall drag. NNEP has proven to be a very versatile erngine
cycle computer code and 1s row in use at approximately 30 government installations, com=-
panies and universities. f

WEIGHT ANALYSIS OF TURBINE ENGINES - WATE

With NNEP we are capable of simnlating almost any turbine engine cycle the user can
conceive of. Being able to calculate engine performance and hence the fuel consumed on
a mission 1s an important part of calculating the vehicle performance. It 23 also neces-
sary to be sbie to calculate the engine weight, length and diameter. The engine weight
regresents a significant part of the empty weight of an airplane. The length and diame-
ter of the engine are important in calculating friction and boattall drags. In order to

R

PR



4

develop the capability, NASA Lewis awarded a contract to the Boeing Military Airplane
Development Division of the Boeing Company to develop an engine weight estimation code.

The first version of this code WATE-1 (ref. 8) was completed in 1977. It used a
preliminary design approach whare stress level, maximum temperature, material, geometry,
stage loading, hub=tip ratio and shaft mechanical overspeed are used to determine individ-
ual component weights. The total engine weight was then calculated as the sum of the in-
dividual components. The contract required that the code predict both individual compo-
nent and total engine weight within $10 percent accuracy.

A relatively high level of detall was found necessary in order to obtain the re-
quired accuracy. Component welght data for 29 different engines were used as a data base.
This data base 1s shown in the figure 8. The 1list of engines {ncludes military and com-
mercial, turbofans and turbojets, augmented and dry, hardware engines and proposed en-
gines, and supersonic and subsonic engines.

WATE 1 was constructed to operate as an adjunct to NNEP. After running a cycle
point on NNEP the thermodynamic propertles were fed to the WATE-1l set of subroutines
along with 1aputs representing the design features of the components., The engine weizht,
length, and dimensicns were then calculated. At the same time, parts counts are gener-
ated for the engine such as number of blades, size of discs, etec.

In 1978, NASA Lewils awarded a follow-on contract to the Boeing Company to extend the
capabilities of WATE 1. This new version, WATE 2 (ref. 9) was completed in 1979 and has
added many desirable features. Weight determination is done for each component at 1its
critical operating point as follows: NNEP s now used to "fly” the engine throughout the
flight envelope of the aircraft and the maximum values of the flow, temperature, pressure
and engine speed stored for use in sizing the components. Based upon these critical con-
ditions, the weight 1s determined. The capability to calculate the weight of radial flow
components and of small engines was added in conjurction with a subcontract to the
Garrett Division of AlResearch Manufacturing Company of Arizona. The engine center of
gravity and moments of inertia are also now calculated.

The accuracy of the code 1s shown in flgure 9. As can be seen, all of the engires
fall within the $10 percent band and, in mcst cases, approach 25 percent or better espe-
cilally in terms of engine weight.

WATE has built-in default values for most of the inputs. If the user does nct enter
values, these default values are automatically used. Many of these were used in the cal-
culation of these weights. If more information was available to us, especially in terms
of geometry inputs of the rotating components, these already small errors could prcbatly
be reduced even further.

The comblinaticn of WATE and NNEP 1s a very powerful analytical tool. As an example,
a recent study considered the question of optimum cycle parameters for a duct burning
turbofan for a supersonic crulse alrplane (ref. 10). Some of the results of this study
are duplicated here. The fuel mass and bare engine mass for 88 950 newton (20 000 1b)
thrust engines flying 6440 kilometers (4000 mile) operating at Mach 2.4, 16460 meters
(54 000 ft) initial atitude are shown in figure 10. These masses are shown as functions
of Bypass Ratio and Overall Pressure Ratio (OPR) with and without duct burning. The
cycle analyst looking only at the fuel mass in figure 10 would conclude that the optimum
engine would operate dry and have an OPR of about 16 at a Bypass Ratio of 1.8 or more.
However, when the mission analyst adds the fuel and engine masses as shown in figure 11,
the optimum engine operates with the ductburner on, an OPR of 12 and a BPR of 0.8.

LIPE CYCLZ COSTING - COST/LIFCYC

The questlon of cost 1S entering more and more into the selection process for opti-
mum engines. The initlal cost 1s no%t the only criteria for selection. Total 1life cycle
cost including maintenance, spares, operating costs, etc. must be considered for many
applications. iIn order to develop the capability of calculating Life Cycle Cost, NASA
Lewls contracted with the Naval Air Development Center (NADC) in 1978 to receive their
costing model. NADC in turn subcontracted with Boeing to supply them with the producticn
cost of the engine. As previously mentioned the weight code WATE calculates parts counts
and weights as well as total component and to®al engine weight. These welghts are trans-
ferred to cost estimating routines which are based on correlations developed by NADC and
Naval Alr Systems Command. This procedure is flow dlagramed in figure 12. The correla-
tion parameter 1s based on a system of classifying materials by similarity of applica-
tions in engines (ref. 11). In this procedure, materials used in jet engines are placed
in one of a total of six relative ccst categories having to do with a combination of
manufacturing cost and raw materials cost. Carbon steel and aluminum are assigned the
lowest classification and used as a reference. High-strength high-temperature nickel
cobalt alloys which are costly and difficult ta machine are placed in the highest (fifth)
classification. Because of peculiar differences irn cost and machinability, titanium
alloys are assigned a separate (sixth) classification. Two induces are develocped for
each material class, namely

(1) Relative material cost
(2) Relative machining cost

The product of these two induces 13 called the "relative weighing factor."
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In the cost estimation procedure, the estimated weight of each engine componert is
first converted to raw materizl weight. A raw material weigh: to finished material
welight scaling factor, referred to as "Buy/Fly” ratio, has been estimated for each zom-
ponent for state-of-the-art and for advanced production methods. Raw material weizht is
then nultiplied by the relative weighing factor, and the sum of all such component prod-
ucts 1s formed. The summation for all engine cormponents 1s called the "Maurer factar”
in honor of 1ts originator, R. J. Maurer. The production cost of the engine 1s estimated
by t?e }lniag correlation (f£ig. 13) tetween engine manufacturing ccst and the Maurer fac-—
tor (ref. 11).

This code 13 Just becoming operaticnal at NASA Lewis and no resuylts have as ye: beex
generated except for 1sclated check cases in which predicted costs have been coxpared tco
the actual and appear reasorable. A final report should be published sometime during the
summer of 1979.

Having determined the engline cost, it i3 now possible > leterminre the Life Cy:le
Cost based upon the NADC Lifs Cy:le Costing Model. The Interrelatlfonship of COST wizh
LIFCYC is shewn in figure 1L, NADC will supply the Iinputs and models to calculate 2l
the parts of the ple other than zmanufacturing costs., It 1s articipated that this werk
will be performed in the fall of 1975.

IMPROVED INSTALLATION EFFECTS MCDEL - INSTAL

The previous example (fig. 7} of varying erzine flow by *he use of variable gec-etry
to reduce installation effec:s showed the importance ¢of inle: and noccle component per=
formance, external as well as intermal. That flgure was generated with a simplifiled
model for inlet and boattall drag that {s bullt into the NMNEP progran.

It was decided that NASA Lewls should obtaln a more scphisticzated method for these
calculatlons. Consequently, a contract was awarded to Boeing in 1879 to provide a ir:ad
subsidiary program for determining power-dependent inlet and 1ftertcdy installatlon el
fects and also inlet/nacelle weights (presently nct in the UA sode). Mozzle welighk:s
are already calculated within WATE. In additlcn tc zernerating the compirnent performance
maps for NNEP, the code can be interactive wlth the cycle and hence a tradeoff of inlas,
afrterbody, and cysle can be utilized in the deslign prccess.

The types of performance Taps to be generated are shown In Zigures 15 and 1€ for in-
lets and .nozzles respectively. The necessary maps are obtalined frem elther a data tase
or theorstical calculations (ref. 13). The data base contalins performance data (us:

2 ressicn) cr -0z
ritive procedurs (red

experimental) for a spectrum of irlet (axisymesric, I3, pltc=, —ixed ct

zle (axisymetric, 2D, %win, ete.’ =voes. A a2 [red. } ecan be uycgel °c
adfuse <he data tzse for cthanges In design Mach rer, sideplate shape, subscnic di12-
fuser loss, cowl iip bluntrness, taxecf{ dcor area, external ccwl Inltlal angle, tleed
system design, and bypass system exit design. Items nct included irn the data are deter-
mined analytically. Nozzle/aftertcdy data are treated in a sizilar =anner, The data
tase, being primarily experimental, offers increased ccnfidence In areas that are d12%i-
cult to treat thecretically such as viscous effects.

>

After selecting the 'nlet slze or sizing Mach nurter, the Inlet and rnozzle are
matched to the NNEP cycle datrd and <he installed perforrmance cal:ilated as well as the
respective welights. Trade off studles can now be made of such 277ects as the best co=-
bination of bypass and spilllage fcr =inimum speciflc fuel cconsum

The final repcrt fer the work being performed urder ¢
to be published in the early fall of 1978.

WAVE AND FRICTION DRAG -~ PODDRG

Under contract to NASA Langley Research Center, Rockwell International develcped a
method of evaluating the effects of nacelle shape on drag and weirht cf a supersonic
eruising aircraft (ref. 14). Under this contract, Rockwell determined wave and fricticn
drag increments for a range of parazetric shapes. As part of a fcllcw-on contract with
YASA Lewils Research Center, Rockwell developed a computer ccde (FSIDRG) capable of intex~
rogating the data points generated under the previous zontract in :rder to determire
drag increments for any nacelle shape of interest (ref. 15).

These nacelle Incremental drags are only applicable to the NiSA arrow-wing supers:r-
fe transport configuration (ref. 16). The program ylelds the incremental wave and fric-
+ion drags of nacelles as functions of nacelle geometry variables and airrlane Mach nus-
Yer. The drag increments are for the total vehicle relative to the vehicle with nacelles
removed. That is, all interference effects with the airframe are accounted for. The
racelle shape parameters used as 1lnputs to the program are:

(1) A Inlet capture area

(2) Ayyy Nacelle maxizun cross-sectional area

(3) An Nozzle exit area (superscnic crulse position)

(4) XXAX Distarce from inlet cowl leading edge to maximum crosse-secticnal area
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(5) £ Nacelle total length
(6) Sprp Referencze wing area

The output of this pregrar ircludes, for 2k rztelle ¢f Incepasy:
(1) The aforementicned input data

(2) Drag coefficlerts at Mach 1.2, Mach 2,37,
ton (CCF), wave (CDW), ana ti=sl (,__j

(3) The nondimensional paraneters of posic:
(XaMAX/L)» ROZ2le-t0=-22
ration (AMAX/Ac)», and "'e'es'

In ad2dizion, increnental drag sceffizlents <f the reference alrplane nacelle
(ref. 16) are printed.

Typical nacelle incremental wave drag varlat
praperly shaped nacelle can prsduse a lower 2
a=e alcre (LCpy < £). The nacells drzpe shus
moLter codes in evaluating systems perfirc

v.e drag than tha* of the air-
are fed inte =migelon flizhe

¢ showr. in figure 17. Note that

[N ]
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OMCLUDING REMARKS

NASA Lewis Resear:zh Center with a cs=tinscicn rercuse, Joint, and contractei ef-
fzres has beer. and 1s cantinuing to devel 1720 o< Jever=irae the enpires fap
optainum mission perforzanze. In the sela: 2s we c2r azeount for eycle perfzr-
mance, engine welght, 1life acycle costs, anl ¢ cion ef.e:ts. Puture efforts will be
directed towards improvement in the current -aﬂa.. ler, mairly in the areas of develep-

ing becter optimization methods to reduce ccmputer tire 3—4 analytizally determining per-
for=ance maps for rotating machirery. For exar“le. we 3Te aboyt to award a contract for
tusrtine map generation, to be used fcr new cycles & whiosh cimple scalinz cf pre-existing
maps is not sufficlent. We belleve tha: all cf the : »111 greasly reduce tre ef-
fortz expended in perfcrm=ing missiin analysis ty rarrawirs Ir sere gqulckly on the engine
cycles of gresatest interest.
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ENGINE | MANUFAC- | MANUFAC- TYPEOE AUGMEN- | PRIMARY
TURER TURING CYCLE* | TATIO us
STATUS

GEYJAC GE P T AB c
GE4/S5 GE X 1 AB ¢
GE9IFZB GE X TF AB M
N P&WA P 13 AB M
1470 WE 5 ! AB c
GE4J6G GE .S T3 AB c
GE4/ISH2 | GE S e -~ c
J180-15 PE&WA P TF - C
J190 P&WA P TF - c
TF34 GE P TF -~ M
VSCE-502 | P&WA S TF OH c
VCE-DIA | PEWA S VCE - c
VCE-201B | P&WA S VCE - c
VCE302A | P&WA S VCE - c
VSCE-502B | P&WA S TF DH c
VCE-1123 | P&WA S VCE - c
VSCE-S01 | P&WA S TF DH c
VCE-1108 | P&WA S VCE - c
A/IBTF-2 | P&WA S TF AB c
DIHTF-2 | P&WA S TF DH c
DIHTF-12 | P&WA S TF UH c
JTi0D P&WA X TF - c
CFM56 GE/SNECMA P T - c
CF6-50 GE P TF - c
CFé6 GE P TF - c
JT80 PE&WA P TF - c
QJ805-3 | GE P TF - <
Y193 GE P 1J AB M
JT3D P&WA P TF - c

IMANUFACTURING STATUS P = PRODUCTION, S = STUDY PROPOSAL,
X = EXPERIMENTAL

27} = TURBOJET, TF = TURBOFAN, VCE = VARIABLE CYCLE ENGINE
3AUGMENTATION TYPE AB = AFTERBURNER, DH = DUCTHEATER
4c - COMMERCIAL, M= MILITARY

Figure 8, - Data base engines.
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