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Abstract

This paper describes probabilistic approach to
aircraft engine thrust sizing which imtended toassist
the designer inmaking decisions duringhe very early
stages of thedesign process whenhe operational
concept isstill evolving and uncertainty abounds (in
both  mission requirements and technological
capability). The focus of thipaper is onanalysis of
mission uncertainty such as thaue to ambiguity in
payload, range, maneuver requiremergs;. and its
impact on propulsion system sizingSeveral analysis
tools appropriate forprobabilistic thrust sizing are
discussedndone isapplied tothe probabilistic thrust
sizing of anunmannedcombataerial vehicledesigned
for a deep-strikemission. The result is distribution
for thrust whichcanthen beused incombination with
the core engine desigrspace toestimate thedesign’s
probability of successfully meeting the
requirements. Finally, a method for trackingmission
uncertainty as theequirements develop idescribed and
illustrated for the UCAV example.

Introduction

Historically, engine thrust sizing habeen an
evolutionary process wherein a@et of design
requirements steadilgvolve overtime to become a
well-definedmission specification.However, since the
maneuver and payload requirements placed oaitbeaft
are apt to fluctuate markedly as tteguirementsvolve,
oftentimes theaircraft that emerges athe end of the
production line is considerably differentfrom the
original sketches envisioned by tkesigner. This is

thrust

aircraft itself. Itthereforefollows that inorder to field
the best possible system with @asonably short
developmenttime (and therefore least cost), it is
necessary forthe engine manufacturer to have an

accurate estimate of engine thrust required so that engine

designanddevelopment cabegin. Additionally, it is
important for the enginenanufacturer toknow the
mission profile for engine cycle optimization, and
aircraft growth scenario for selection of core size.
Unfortunately, fluctuations irdesign requirements
prevent exact specification ofthe true design
requirements until later in the design cycle and akbee
an adverse impact iterms of enginelevelopmentime
and cost due to redesignand hardwaree-work. This
study seeks to minimize the impact aofhese
fluctuations via probabilistidechniques as applied to
engine thrust sizingduring the very early stages of
design. Ideally, this would be applied concurrentiyh
engine cycleoptimization to arrive at apropulsion
systemdesignwith the highest possible probability of
success. However, in the interest of brevity, fraper
will focus exclusively on the thrust sizing problem and
assume that the cycle is already tailored for the mission.
The probabilisticapproach employed hesegldresses
the inherent uncertainty in vehicle missimguirements
in an analyticaland rational manner byrepresenting
payload, mission, and maneuver requirements as
probability distributionsinstead ofpoint values. For
example, the probabilistic approach woaltbw one to
specify a sustained turn requirement at combat weight in
terms of a probability distribution of g-loadingstead
of forcing thedesigner tospecify a 5-g sustained turn

especially the case when there is a midstream change requirement. This results in a probability distribution

mission requirements, as hagcurred inseveralrecent
aircraft design programs.
While fluctuations in design

requirements are case.

for aircraft thrust loading,takeoff gross weight, and
engine sizgatherthan a point value, as is usually the
It then becomessanple matter to specify an

generally beneficial in arriving athe best possible acceptableprobability of meeting orexceeding the
system to meet futureeeds, it presents a seriousthrust requirements (one might, for example, want to be
programmatic problem to the engimeanufacturer in assured of having at least a 90% probability of meeting
the form of developmentlead time. Generally, the or exceedingthe vehicle thrustrequirements when
engine developmentime is longer than that of the developing a derivative engine from an existing core).
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development where desigthoices can have drastic fractions have been determined, it is then a trivial matter
impact on the success or failure of the programto calculate the payload weight fracti@mdthence, the
Moreover, the probabilistitechniqueillustrated herein  design takeoff gross weight.
is flexible andsimple enough to besedfor “what-if” The second element in thrust sizing
scenarios as well as uncertainty tracking as thdetermination of thehrustloading required toperform
requirements develop. the critical maneuver(s) specified inthe mission
The discussion begins with a review of basic thrustequirements. This is typically done usingapetplot
sizing methodsand this is subsequentlyextended to or a sizing plot, anexample of which is shown in
probabilistic thrust sizing. Additionally, several Figure 2. The sizing plot isffectively a representation
probabilistic analysis tools suitable for thrust sizing aref the normal and tangential acceleration capability
discussedand abrief discussion of whemnd how to  provided by the wing and engine respectively In
apply them is offered. The probabilistic method is themeneral, using the smallest enginend wing will

is

applied to the sizing of anunmannedcombat aerial
vehicle (UCAV) aircraft and propulsion system.
Classical Thrust Sizing

The thrust required for given aircraft is afunction
of the thrust loading anthkeoff gross weigh{TOGW).
The simplest way to estima®@OGW (denoted as W) is

to decompose it into a sum of major group weights an
express these group weights as non-dimensional gro

weight fractions:

W=Wp +WtWee W+ Wi ()
wherethe subscriptscorrespond topayload, structural,
fixed equipment, and propulsion system weights,
respectively. An equivalent expression is:

1:M+%+_V\4:EQ +%+%

w W w w W

These weight fractionsre in turn dependent on
available technology as well amission and maneuver
requirements. If the technology levelassumed to be
fixed, the problem igeduced to amatter of finding the
values for the weight fractions given equation (2).
Since it isassumedhat thepayloadweight is known,
equation (2) can bee-arranged toexpress thepayload

@

provide the solution with lowest acquisitiorcost
(though not necessarily the lowest lifgcle cost), so it

is therefore desirable to firtthe point with the highest
wing loading andlowest thrustloading possible while
still satisfying themaneuver requirementg&he sizing
point). This isfound by expressing themaneuver
(r]equirements interms of thrust & wingloading and
plotting these on the sizing plot as shown in Figure 2.
Yhis divides the desigspaceinto afeasibleand anon-
feasible regiorand it isthen a simple matter tpick
the most economical solution to the requirements.
Oncethe sizing point isdeterminedthe thrustloading
for the aircraft is known and the enginecan besized
appropriately.

At this point, the design is now defined well
enough for the enginamanufacturer tobegin the
preliminary design process.Once coresize is fixed
(core being the highpressure compressorpmbustor,
and high pressureturbine), fluctuations in theengine
thrust requirements can be compensated for
compromises in engine cycle. However, if theust
requirement deviatemo far from the original sizing
point, the engine manufacturerwill be forced to re-

via

weight fraction as a function of the fuel, propulsive, anddesignthe entire engine to meet the new thrgsal.

structural weight fractions. Fuel weight fractioan be
estimatedwith relatively goodaccuracy byanalytically
“flying the mission” via piecewiseintegration of the
Breguet range equation:

—w hp Ve

dR =
w BscH

3

The advanced tacticéighter program is @&ase inpoint
wherein aircrafwweight gain late in the&esign program
forced one enginemanufacturer to re-desigand the
other to fly thedemonstratowith a sub-scale engine.
Obviously, the engine manufacturer would likeselect
the core size appropriately the firstime and thereby
avoid the expense and time needed to re-dekigentire

where R is range, W is instantaneous weight, v igngine, and this is one of the main objectives which the

flight velocity, L/D is lift-to-drag ratio, and SFC is

engine specific fuel consumption. The result is ftred

fraction required to complete the mission.
Unfortunately, thereare no analogous “physics-

based” equations whichcan be used to accurately

estimate the structuralnd propulsive weightfractions
of a particular aircraft athe conceptualdesign level.
Instead, these figures of medte usually selectedbased
upon historicaldata andhe designer'shest guess as to
the capabilities of current technologyoncethe weight

probabilistic method seeks to address.

Probabilistic Thrust Sizing

The primary difference between classical and
probabilistic thrust sizing is that the lattezpresents
uncertain parameters as a distributiostead of gooint
value. Thisincludes uncertainty in 1)nission and
maneuver requirementas well as 2)technological
metrics such as structural weight fraction, propulsion
weight fraction, L/D, orcruise SFC, asshown in
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Figure 2: Typical Fixed-Wing Aircraft Design Plot

Figure 1. These distributions are then be used as inpuggnificant distribution range in the response.

to the sizingprocessandthe result is a distribution for
engine size instead of a point value. Tpéper focuses

Of
course, “significant” is a subjective terand it is the
relative sensitivity to variation that ultimatelyrives

on the application of probabilistic engine sizingthe decision as to whethgrobabilistic techniques are

methods as a means to accountrfossion uncertainty

The topic of technological uncertainty isientioned

only in passing and is the subject of future work.
The most importantequirementfor accurate and

warranted. For instance, the UCAMends itself to
probabilistic analysiglue to the large uncertainties in
mission requirements.  Howeverthe Joint Strike
Fighter programcurrently has awell-defined mission

realistic use of probabilistic thrust sizing methods is anvith little ambiguity, andtherefore stands tgain little

understanding of the underlying probability and
statistical concepts whichre the foundation ofthese

techniques. Specifically, onmust have answers to

such questions as:

* When is it appropriate toapply probabilistic
methods?

» What probabilistic analysis tools are available?

» How should distributions and ranges be selected?

* How should the results be interpreted?

This paper endeavors to providemeanswers to these

guestions via the discussion of this section antz

subsequent application to a UCAV system.

The answer tothe first questionposed above is
obvious.  Probabilisticmethods should beapplied
whenever there issufficient uncertainty tocause a

Mission Uncertainty :
. Subsonic Range  Wing Loading :

EStruct. Wt. Fraction : Supersonic Range  Payload

~ Tech. Uncertainty
. CruiseL/D

4

4
4

Figure 1:

from analysis of missiomncertainty (but not¢hat, as
of the time of writing, there is considerable
technological uncertainty yet remaining!).

ProbabilisticAnalysisTools

The secondquestion posed aboverequires more
depth of explanation than thiest. There are currently
several obstacles impedinghe implementation of
probabilistic sizing methods, the most obvidosing
the fact that all of the sizing codes currentlyeiistence
re deterministic in nature and dot allow variables to
e represented as distribution.  Fortunately recent
advances innumerical probabilistic methodsnd tools
have emerged to remedyhis problem,and are now
sufficiently developed as taconstitute awell-rounded

Probablistic Response .
Analysis Distributions
Synthesis/ Takeoff G Weight
Sizing Code | e Bross Tadt
............................... Thrug

Probabilistic Engine Thrust Sizing
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suite of toolsavailable for thedesigner touse in the
analysis process. Althoughere are many techniques
available, only four of themost popular will be
described here.

The simplestand least mathematically rigorous
probabilistic analysis tool is the orthogonatray
method suggested by Taguchi  This technique
attempts to estimate theffect of uncertainty by
perturbing the uncertaiparameters insome specified
way and looking at the cumulativeeffect of these

for use inaerospacasystemsdesignapplications. The
theory behind thigechnique is beyonthe scope of the
present discussionbut suffice it to say that the
underlying principles ofthis technique are well-
understood. Since FPI has botkpeed andccuracy, it
is appropriate formost problems in probabilistic
analysis, including probabilistic thrust sizing.
The relativeaccuracy anccomputationalefficiency

of these four methodare compiled in Table 1. In
summary, the orthogonarray method is the least

variables on the response via calculation of the signakccurate and simplest to implement, while Monte Carlo

to-noise ratio in the resultindataset. Thistechnique
is very simple andeasy toimplement, but isfar from

being mathematically rigorousand is therefore
appropriate  whenspeed (but not accuracy) is the
objective. It istherefore of limited usefulness for
probabilistic thrust sizingwhere the objective is to
obtain an accurate estimate of the thrust distribution.

The antithesis to the orthogorefray technique is
Monte Carlo simulation because it is the masturate
method to do probabilistianalysis. Monte Carlo
simulation employs arandom number generator to
selectrandomvalues foreachinput parameter based on
the input distributionsand sorts the result intdoins,
repeatingthis procedurethousands otimes. Aseach
result issortedinto the appropriatebin, the result is a
frequency distribution for the respons&his method is
quick and simple to use if it iapplied to aspreadsheet
analysis or a simple computer program. Howetldg
method isnot practical if the function evaluation is
costly or time consuming, as is usually tbase for
aircraft sizing routines.

As a compromisdetweenthe previous methods, a
third tool gaining popularity are RSMonte techniques i
which responssurfacemethods(RSM) are combined
with Monte Carlo by using RSM toreate a response
surface equatiofRSE) whichcapturesthe essence of
the complicatedanalysiscode. This RSE is therused
in conjunction with Monte Carlo techniques to obtain
resultant distributioh Theaccuracy otthis method is
heavily dependent onthe accuracy ofthe RSE in
representing the behavior of the code being motleldfd
the analysicode iswell-behaved(i.e. producesresults
which are smooth and continuous), thistechnique can
give accurateresults with minimal effort, as will be
shown in the forthcoming UCAV example.

A fourth techniquewhich shows agreat deal of
promise in overcoming théimitations of all of the
above techniques ighe fast probability integration
method (FPI). This is a mathematicallyigorous
technique which allows accurate evaluation of
probability distributionsbased ononly a few function
call®. This techniquehas been in use fgrears in the
field of reliability analysisand is now beingexplored

is the mostaccurate andeast efficient. Th&kSMonte
andFPI techniquedie somewhere in betweesith the
former having theadvantage obeing easily modified
and re-computedwhile the latter has amdvantage in
accuracy and speed.

AssumptionDistribution Selection

The method by which thenput distributions are
selectedwill have a largeimpact on the resultant
distribution. This implies that it is important select
the input distributions aaccuratelyand consistently as
possible in order to have a reasonable analysis.

The first step indefining assumption distributions
is to select themost likely point for each input
variable. Thesare typically establishedbasedupon
design experience or historical data andumeally fairly
easy toestimate. If adatabase ofistorical data is
available which containseveraldata points (as for a
collection of similaraircraft), it may beappropriate to
simply take the arithmetic average of the data set for use
as the mean. Oftentimes, it mecessary tapply a
delta to historical data to account for changes in
equirements or new technology since historaath is,
r‘Ly definition, agéd. Unfortunately, onlgxperience and
common sensare available to guidghe designer in
appropriate estimation of these effects.

Estimation of variance is somewhat more
acomplicated than that of means. Tdéckestbut least
rigorous way todetermine variancdor an uncertain
parameter is to simply select an uppadlower bound
basedupon design experiencandassign these the 2nd
and 98th percentiles of thedistribution. Obviously,
since the2nd and 98th percentileslie two standard
deviations awayfrom the mean (assuming a normal
distribution) these values should bgual tothe highest

Table 1: Summary of Probabilistic
Analysis Techniques

Method Accuracy Efficiency
Orth. Array Low High
Monte Carlo High Low
RSMonte Medium Medium
FPI High High
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and lowest that would reasonably beexpected to
possibly occur inthe final design(i.e.- the chances of
actually achieving the upper or lowBmit is a long
shot).

A more rigorous way tadetermine variance is to
use a set of historicalata to calculatethe variance of
the population, analogously to the calculationrafan
describedearlier. Historicaldata is also useful for
determining the type of distribution to lnsed(normal,
triangular, uniform, beta, weibul, etc.). Sintbere are
numerous treatises which discus thefistributions,
their use,and the theorybehind them, theinterested
reader is referred toef. 7 for an introductory discussion
on this topic.

Interpretatiornf Results

There argwo distinct approaches to interpretation

of probabilistic results: 1) maximizing the probability
of success (probabilistic design), and 2) minimization o
An

variance about a target value (robust design).
example of a robust design problem is theasurement
of designpoint thrustfor a population of engines all
coming off the samgroductionline. Although the
enginesareidentical in design, theraiill generally be
some variance in the design point thrust due to
manufacturing variations. The objective of thegine
manufacturer is tominimize the variance about the
design thrust, and one way to do this isnakedesign

operations by 60 to 70% oveaurrent aircraftwhile
maintaining comparablecapability levels. However,
UCAVs are currently in the veryearly stages of
development and there is woteardefinition of what the
capabilites must be in terms gbayload, range,
maneuverability, technology, etc. This problem is
compounded by the fact that the service requirements are
not static, but continue to evolwvertime. The net
result is that the uncertainty idesign requirements is
making it difficult for any airframer or engine
manufacturer to spend significant sums of money in the
development of these concepts without direct
Department ofDefensesponsorshipdue to the risks
involved.

This is especially true for the enginganufacturers
in that there does not appear to be an off-the-shelf
engine well suited to theequirements,yet engine

anufacturersare unwilling to spend the money
E]ecessary tobegin the longlead-time development
process because tie high probability that thengine
they startdevelopingwill not be the thrust class or
cycle required for the final vehicle.

In order toaddresghese problemsGeneral Electric
Aircraft Engines, Evendale OH, and the Aerospace
Systems DesignlLaboratory at Georgia Tech are
working on severaljoint studiesaimed at developing
methods for analytically treating uncertainty in the
design process.This study is the culmination of one

changes which minimize the sensitivity of engine thrustsuch projectapplied to probabilistic thrust sizing of

to manufacturing variations via robust design.

On the other hand, if the enginganufacturemust
guarantee a@atedthrust, it is necessary to design in a
thrust margin toaccommodatehe variance in thrust
from engine to engine. Howeveexcessivethrust
margin is wasteful, so the objective of tlemgine
manufacturer is téind a thrust marginlarge enough to
guaranteethat 99.5% (for example) ofall engines

UCAV engines. For the purposes of this discussion, it
is assumedhat the engineycle is tailored tosuit the
mission needs and is therefore considered to be fixed.

BaselineVehicle

The first step is to design a vehicle to meet the best
estimate of thecurrent vehicle requirements. This
vehicle serves as a baseline from whiclceoduct the

produced meet or exceed rated thrust. This is essentiallincertainty analysis. The obvious missidos a first-

a probabilistic design problem, as the objective is
purely probability of successvith no concern for
minimization of variance.

generation UCAVare deepstrike of fixed targets and
suppression of enemy anefense (SEAD) missions
becausdheseare hazardous and dmt requirecomplex

In the context of thrust sizing, the objective is tomaneuvering or control decisions such as are required for

select an engine size for a givewcle such that the
probability of meeting the final thrusequirement is

maneuvering air combat. Thus, thedesign mission
selectedor this study is a hi-lo-lo-hideeppenetration

maximized with minimal compromise in cycle. This is strike with a 400 nmi radius as shown in Figure 3. The

achieved by finding g@robability distribution for thrust

combat radius requirementwas selected based on

required which, in combination with the range of thrustsimilarity to the capabilities of current systems.

achievable inthe core designspace, yields an overall
probability of meeting the thrust requirement.

UCAY Probabilistic Thrust Sizing

The topic ofUnmannedCombat Aerial Vehicles
has received a gredeal ofinterest as of late, primarily
because othe UCAV’s potential toreducethe cost of

The hi-lo-lo-hi mission profile shown is a result of
the basicdesignphilosophy adoptedhere, that being
that the use ohigh-speed, low-level penetration in
conjunction with stealth shapingnd hiding (but not
treatments) will provide the greatest possible
survivability in the face of anever-changing threat
environment. Additionally, the supersonic vehicle has a
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Table 2: Vehicle Mission Requirements

Leg Description Leg Description

0-1 Warm-up, Taxi, Takeoff 6-7  Supersonic Dash 50 nmi to Escape
1-2 Climbto BCA 7-8  Climb to BCA and Decelerate

2-3  Cruise 350 nmi at BCM 8-9  Cruise 350 nmi at BCM

3-4 Descendto 1k ft, Accel toM1.2  9-10 Descend (no range credit)

4-5 Supersonic Dash 50 nmi to Target 10-11 Land w/ 5% Reserve, 1% Trapped

5-6

Weap. Release, 7.59 Escape Man.

Payload: 2 -1145 b JDAM

Range: 800 nmi Total, 200 nmi
Supersonic/Low Altitude

Performance: 7.5g Sustained Turn @ Combat

Weight/SL
300 fpm R @ Dash
120 kt Approach Speed

Ferry Range: > 3,000 nmi

TO/Land: Conventional, < 5,000 ft
Vehicle Life: 200 Missions (800 hrs)
Sensors: Minimal/BDA Only

Storage: Long Term, Near Mission-Regd

Figure 3: Baseline UCAV Deep Strike Mission

superior payload productivity (mission block

time*payload),and is generally a much morgrowth-

capable vehiclelue tothe higher thrust loading. The

use of treatments isvoided as ameans of self-

preservation due to:

» Expense of coatings

» Uncertainty of ensuring coatingffectivenessafter
long-term storage

e The fact that UCAV units will likely bestaffed by
skeleton crews which lack sufficient manpower to
maintain coatings during times of continuous
deployment (a la Persian Gulf)

« Difficulty in ensuring coating effectiveness when
assembled from crated transport configuration

and atop speed ofMach 1.3 give thisvehicle agreat
deal ofoperationalfflexibility. Finally, a $9.4M unit
flyaway production priceyives a veryaffordablevehicle
costing approximately 61% less in terms of fléft
cycle cost ascompared to dleet containing thesame
number of F-16As (the caveat being that the capabilities
of the two are not the same).

As mentionedpreviously, the vehicle weight and
internal volume are sizedfor the 800 nmi HLLH
mission. The engine isizedfor 300 fpm R at M1.2,
1000 ft altitude so that it has ttebility to perform
gentle turns without loosingpeed oraltitude. The
wing size isdriven by fuel volume and field length
constraints, and easily meets the combahaneuver

Further missionrequirements are enumerated inrequirement ashown in the sizing plot of Figure 2.

Table 2, all of which are based on missi@guirements  Other major attributes of this vehictge summarized in
typical of deep-strike aircraftwith the exception of the Table 3.
aifframelife requirements. Notalso that theprimary  assumptionDistribution Selection
weapon isthe 1,000 Ib JDAM munition, but the
vehicle is assumed to be capable of carryingwegpon . e .
of comparablaveight which will fit inside theweapon deS|gn_sets the _stage for the_ probabilistic _thrust sizing
bays (whichwere sized to accommodate a folding-fin2nalysis. ~Obviously, the firsand most important)
HARM missile). step in this analysis is tdeterminewhich parameters
The aircraft that emerged from these requirements {&'€ uncertain and set bounds on the uncertaintythisn
shown in Figure 4, with the internal layodepicted in  CaS€: the uncertaiparameters ofnterestare obvious:
Figure 5. Note that thelesign featureswo internal ~ Vehicle payload, ranggboth sub-and supersonic), and
weaponsbays, a top-mounteéhlet, and av-tail for ~ Maneuverrequirement.
reducedsignatures. Additionally, two winbardpoints, It also seems sensible toclude the dash Mach
conventional takeoff/landing, 3,000+ nmiferry range, NUMber as an uncertainty since it has sugtrofound

Table 3: Basic Vehicle Attributes

The establishment of this baseline “maditely”

TOGW 16,624 Ib
Fu(b) 6,638
T/W 0.40
W/S 70 psf
S 237 ft
Cimax 1.4
AR 3.0
N 49 deg
OEW 8767 Ibs

Figure 4: Baseline UCAV Confguration
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Figure 5: Baseline UCAV Internal Layout

impact on the vehicle sizeand thrust required.
However, thelow altitude dash is sointrinsic to the
survivability of the vehicle that angecreasewould
make the vehicle extremely vulnerable to attack.

Conversely, increasing thdashMach number gives an
exponential increase isizedvehicle weightandcost as
shown in Figure 7, thereby negating thmimary
advantage of the UCAV over piloted systems.
Thereforethe range of dastMach numbers isarrow
enough to warrant fixing it at M1.®r the purposes of
this studyand treating it as one of théundamental
study assumptions.

Next, rangesare selectedor each ofthe uncertain
parametersstarting with payload. Themost likely
payloadfor a UCAV vehicle is twol,145 |b JDAM-

type munitions. Heavier payloads become increasingly

improbablebecauséghe resultant vehicle quickigrows
into a weight classomparable to mannesystems. It
is not likely that onecould develop, procure, and
operatesuch alarge UCAV system for lessexpense
than that required to upgrade existifmganned)systems,
so the uppetimit on UCAV payload istaken to be
4,000 Ibs. Adfor the lowerbound on payloa@veight,
it is conceivablethat apayload onthe order of only
1,000 Ibscould berequired,especially if new “mini-
munitions” aredevelopedor use with UCAV vehicles,
so this value is taken as th@wver bound onpayload

Subsonic Range (nmi) Wing Loading (psf)
0=70

0=5

Probability

Probability

500 00 00

0

Supersonic Range (nmi) Payload (Ibs)
o0=15

Probability

Probability

o

00 50 1,000 2,290 4,000
Figure 6: Parameter Rarge Distributions

200

-HLLH Deep Strike Misison, 800 nmi Range
-Engine Sized to Dash @ 1kft
150 -W/S =70 psf

100 i i
= ! ’
0 ! !
(] / /
= /
< 0 Vulnerable to ; /
Enemy Action 1/ Weight

/ /" Divergence

0 / /
08 o9 ! ;13 14

7 /

Dash Mach Number

Figure 7: Sized Vehicle Gross Weight vs
Dash Mach Number

weight. Thisyields a realistic distribution fopayload
weight based on common sense and design experience as
shown in Figure 6.
The distribution fordesign range iselected in an
analogous manner, except this case, the mean and
variance are defined based on historical data.
Specifically, theradius of action for several current
aircraft werecompiled, so assuming that thange
requirementwill not change drastically irthe future,
this gives areasonableidea of what the mean and
standard deviation for vehicle rangkould be. Irorder
to determinghe split betweensubsonicand supersonic
range, the begnethod would be to conduct detailed
assessment of likely threat environmentsdiiermine
what percent of thdistancethe vehiclewill be required
to fly in a high threat environment.However, the
resources available fahis studydid not permit this
type of detail, so the supersoniange was again
selected based on design experience.

The distributions selected are shown in Figure 6 for
subsonic and supersonic range. Note that the maximum
vehicle range is 1,050 nmi while the minimuange is
550 nmi. Furthermore, the minimusupersoniaange
is taken to be 50 nminstead of zeremi because the
assumption of supersonic capability is intrinsic to the
baseline UCAV concept. The lack of supersonic
capability implies a stealthy desigand the overall
vehicle layoutwill change considerablythe baseline
concept would no longer be valid). Asrasult, it
would be inconsistent to consider a zerolength
supersonic segment in this study. A bettgproach is
to create astealthy subsonialesign and conduct an
analogous probabilistic analysis on that vehicle.

The final distribution to bestimated ighat due to
the escape-maneuver requirement @mbat weight.
The purpose of thigequirement is to ensurhat the
vehicle has reasonably good maneusegpability during
combat when it is likely to baeedednost. There are
numerous possible maneuver constraints for this type of
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aircraft (sustainedurn, instantaneous turagcceleration,
excessthrust, etc.)and it would be cumbersome to
assign separate distributions to every possid@euver
requirement. A better approach is tassign a
distribution to the wingloading directly, implicitly
capturing the effect of the wing-sizing maneuver
requirements orthe vehicle. Since the engine sizing
requirement isessentiallyfixed by the dash maneuver,
the result is an implicit distribution on thruktading
due to the wing loading distribution, as shown in
Figure 8. Thus, thanyriad of possible maneuver
requirements areeduced to amatter of picking a
distribution for wing loading.

The mean value for wingpading is driven byfield
length and fuel volume requirements. Any wing
loading significantlygreaterthan 70 psf will result in
unacceptable fieltength while anything less results in
an unacceptably heavy aircraffThus, theupper limit
for wing loading is that which gives marginally
acceptable field performancehile the lowerlimit on
wing loading is set bylivergence of sizedlehicle gross
weight and historical precedent. Since thesevalues
effectively serve as uppand lower limits on feasible
solutions, theyareassumed to be ahe 5% and 95%
probability levels, respectively (i.e. +2 standard
deviations from the mean). The distributions for all
four parameters are summarizedHigure 6. Thebasic

which has its own strengttedweaknesses.Based on

the requirements dhe current analysis, the RSMonte

method is the most appropriate for several reasons:

« Extremeaccuracy isnot required (therefore FPI and
Monte Carlo are unnecessary)

« However, it is desirable tanathematically estimate
the probability levels (therefore, inner/outerarray
method is not appropriate)

« It is desirable to have a respormeaface representation
for thrust and gross weight so that the probability
distributions can easily beodified and recalculated if
so desired at a later date

The probabilistic analysis methodused is
schematically outlined in Figure 9. The first step is to
construct RSEs for takeoff gross weightand thrust
using responsesurface techniques. These response
surfaces areghen used in conjunction with a Monte
Carlo simulator to estimate distributions for TOGW and
thrust.

RSE constructionrequired the execution of 25
sizing casesusing a 4factor centralcompositedesign.
The centralcompositedesign wasselected because it
provides good experimentafidelity, yet has a
manageable number of cases for a 4-fadamign. The
resulting RSEs have a correlation coefficient of 96% for
thrustand96% for TOGW,andboth do agoodjob of
estimating TOGWandthrust as a function of subsonic

effect of each distribution on vehicle attributes is showmange, supersonic range, payloaddwing loading. A

in Figure 8.
AnalysisMethodandResults

The lastprerequisite toprobabilistic sizing is the
selection of the analysis method to be used. Th
previous sectiondescribedfour techniques,each of

Supersonic Dash Constraint

/

Baseline Design point

Thrust Loading

Wing Loading (psf)

Gy N

Range (Sub, Super)

Fuel Fraction

Figure 8: Distribution Effect on
Vehicle Attributes

byproduct of RSE generation is the Parefolot for
engine thrust shown in Figure 10 which gives the
magnitude of thecontribution fromeachvariable and
interaction. Note that the windoading and the
supersonic dash range are the primary factodefining
engine thrust requirements, with these two variables and
their interactions constituting 64% of the thrust
response. The single most importdattor is the
interaction of wing loadingvith supersoniadash range,
which contributes 18% of the total response.

Another useful figure whicltan begeneratedrom
the RSEdata arethe trend plots for thrustand TOGW
shown in Figure 11. Theseplots show thedeltas in
gross weight and engine thrust as a function péraent
delta in mission and maneuver requirements. ffdrals
given in thisfigure show wingloading to have the
most influence on both thrust and weight while

T
__@ .

| ‘ Monte Carlo Simulation ‘

Dweight, Fy
! ‘Analysjsof Ve;?iance‘

Step 1: RSE Construction

1 [weight, Fy Distributions |

Figure 9: Analysis Method Flowchart
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Figure 10: Pareto Plot for Sea Level
Standard Net Thrust
subsonicrange isthe least influential. Note also that
the upper and lower values shown on the y-arésthe
maximum and minimum deltasncountered irthe RSE

dataset, which means that by suitable perturbation of

the mission parameters within thelefinedranges, it is
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Figure 11: TOGW and Thrust Trends
(afterburning),but only a 21%chancethat the thrust
will be less than 6,000 Ibs.

EngineSelectionScenarios

There areseveraloptions available in selecting an
engine for the UCAV mission under consideration. The

possible to get thrusequirements alow as -50% and first option is todetermine if thereare any existing

as high as 300% of the baseline configuration. In poi
of fact, the sizing cases whigteldedthese largehrust

n(—[‘ngines in an appropriate siardcycle regime tomeet

the requirements. Perusal @frrent production engines

deltasfrom the baseline will be somewhat inconsistentquiCkIy revealsthat the closest match is thRolls

due to the fact that thiarge change irthrust implies a
significant changeenginediameter and, thereforgyave
drag (which was notaccountedfor in the analysis).
However, thetrends arecorrect, and these twofigures
taken togethemprovide a very graphicatiew of the
magnitude and direction of the thrust trends as a
function of the mission parameters.

The next step is to use Monte Carlo simulation t
get a distribution for thrustbased onthe mission
uncertainties defined earlier. The thrust sizing results
the Monte Carlo analysiare shown in Figure 12, in
the form of frequency andcumulative probability
distributions. Note that the mean thrust8239 Ibs
with a standard deviation &,689 Ibs. It isclear from
the frequencyplot that the distributionfor thrust is
skewed towardthe lower values, whicimplies that if
one has the option to select a baseline engine thrust,
bestchoice would be orthe lowerside ofthe mean at
approximately 8,000 Ibs thrust. The resulidso
indicatethat there isroughly an 80% probability that
the engine thrust will be less than 10,250

025
11=8,239 Ib

2 019 0=2,689 b

| .012

o]

[e}

& .006

16,000

2,000 5,500 9,000 12,500
SLS Instaled Thrust (Ibs)
Figure 12:

Royce Adour (6,900-8,500 Ib thrust). If this thrust
range is superimposed on the cumulative distribution of
Figure 12, onecan seethat the Adour has, at best a
35% probability of meeting the thrustquirement,
though the actual probability will be somewhat less due
to the fact that thecycle is not well-matched to the
mission (implying a fuel burn penalty). Note that the

Qprobability of success for aR404 thrust-clasgngine

6,000 Ib) is nearly zero. Thereforethe UCAV

ission investigatedhere demands athrust class and
cycle combination that is essentiallgon-existentin
today’s gas turbine engine market.

The secondoption is to investigate thpossibility
of using aderivativeenginebased on amxisting core.
There areseveral engine manufacturdraving current-

roduction coreshat could theoretically beadapted for
supersonicmission, and it is a straightforward
exercise to estimate the thrust design space (thaumst)
available in each derivative at the fan pressat® used
in the baseline engine. However,vibuld be far too

IbIengthy to discuss all of thecenarios hereand the

1.00

Adour

751

.50

,030 5,500

Probability

.25

.00
2

16,000

9,000
SLSInstalled Thrust (Ibs)

Frequency and Cumulative Distributions for UCAV Thrust

12,500
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authors willinsteadsimply comment that the outlook
for creating well-matched propulsion systems is

conventional counterparts, but take less volume and
weight. In this case, the 2-JDAMpayload is still

considerably better for this option than for the “existinghighly probable, but payloads significantly éxcess of

engine” option.
The final option is to use dnew centerline”
engine. The objective here is to ensure thabtmeline

this becomehighly unlikely. Furthermore payloads
less than 1,000 Illbecome mordikely than before. A
reasonable payloadistribution based onthis scenario

core design has a broad thrust band in order to maximizeould be to set the lowdimit at 800 Ibsandtruncate

the probability of meeting the final thrustquirement.
The width ofthis thrustband istypically dictated by
core size, relativeRPM margin, T3 marginand T4
margin,and anincrease inany of these marginwill

generally result in a higher probability of success (at the

risk of having acore engine that isheavierand more
expensive thannecessary). Thus, the crux of the
problem is toachievethe besthalance betweemweight
and probability of success.

Once the core sizenddesignmarginsareset, it is
possible to estimate the thrusl@nd for that core
configuration.  Usually, this isaccomplished by
increasing inlet mass flow at the expense ofgeassure

all probabilities greater than 2,290 Ib so that the
distribution looks like the right triangle on the |sftle

of the dashedline in Figure 6, while all other
distribution assumptions remain as before.

It is then a simple matter to re-run the Monte Carlo
simulation to obtain the results shown in Figure 13.
The thrust class with the highest probabilitysotcess
for this case isroughly 6,500 Ibs. Note that ithis
scenario, theAdour's probability of success i83%.
Interestingly, thisyields a vehicle that is beginning to
move into the J85 thrust class, disistrated by the
19% probability of success fdhis engine (butrecall
that the cycle is not matched).

ratio (FPR) and engine diameter. Increasing inlet mass This approach is not limited to thrust sizingly,
flow is an effective way to tailor thrust until the lossesbut can also beused toobtain distributions for wing

associated with the increased flow impose an
unacceptably large penalty in cruiS§FC, at which

point it is necessary to re-sizbe core (anundesirable
propositiononce atest core has been committed to

size, fuel weight, TOGW, etc. The distribution for
TOGW for the abovescenario isshown in Figure 14.
Note that the mean TOGW for this vehicle is 14,903 Ib
and the standard deviation is 3,124 |Ib. Not

hardware). A simple way to obtain a first-pass estimateurprisingly, thisindicatesthat the baselinevehicle

for allowable thrust range for a giveore configuration

is to do a sweep of fan pressure ratio while holdiog

size constanandallowing inlet mass flow to vary. A
plot of change inSFC and engine diameterfrom the

baseline values vs thrust widuickly revealwhat the

acceptable limits for thrust arandthis thrustband can
be superimposed othe distribution of Figure 12 to
estimate probability of success, just as wdane

previously.

Mission UncertaintyTracking

The probabilistic metho@spoused here is useful
even afterthe baselinecore size has beerselected
because it facilitates tracking of the missiamcertainty
as it evolves over time.One verylikely scenario for a
UCAYV is the development of newmini-munitions”
which would havehe samedestructive power as their

1=6,953 Ib
0=1,964 b

10,500 13,000

3,000

5500 8,000
SLS Installed Thrust (1bs)
Figure 13:

selected for this study is heavidran the actuabehicle
would likely be under the “mini-munitionassumption.
Additionally, thestandarddeviation indicateghat there
is a 68% probability that the vehiclkOGW will lie in
the range 11,800<TOGW<18,000 Ibs.

Up to this point, this paper hdscusedexclusively
on thrust sizing for a UCAV which uses a combination
of supersonic, low altitude penetratiandstealth as its
means ofdefense. However, there is anothatesign
philosophy whichadvocateghe use of stealth as the
primary means oflefense. Irorder tohave a complete
picture of the UCAV engine sizingutlook, it is
necessary to conduct eomplementary probabilistic
thrust sizing study for a family of stealth designs.

The authors expedhat it is very likely that the
stealth family of designwill require much less thrust

Probability

0.25

0.00-
3,000

8,000
SLSInstalled Thrust (1bs)
UCAV Thrust Distribution for Reduced Payload Scenario

5,500 10,500 13,000
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Figure 14: Cumulative and Frequency Distributions for UCAV TOGW

than the supersonic vehiglperhaps orthe order of 5-
6,000 Ibs). On thesurface,this seemguite different
from the 8,000 Ib thrust classlemanded by the
supersonic vehicles. However, use ofaderburner on
a subsonic stealth vehicle is probabipt a viable
option, thus implying that thengine will besized to
complete all maneuvers dry. Ostensibly, this is
roughly the sameorrectedinlet flow rate asthe 8,000
Ib thrust engine,and this synergism will assist the

designer in selecting a core size which would be suitable

for both applications.
Conclusions

The probabilistic thrust sizing methodology
proposed herein provides an analyticaleans of
analyzingand tracking mission uncertainty during the
early stages of design.This paperreviewed several
tools usedfor uncertainty analysiandpointedout that
the RSMonte and FPI methods are likely to berttust
useful for probabilistic thrust sizing applications.
Additionally, several guidelineswvere suggested for

Although the authorare not suggesting thathis
technique is ganacea tall problems alesigner faces,
they are suggesting that it is a useful tool whieh be
used toassist thedesigner inmaking decisions in the
face of uncertainty. Iprovides an analyticdfamework
upon which to base design decisions and is also a useful
tool in assuaging management skepticism and
reluctance to spend money in the presence of risk.
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