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Abstrace — The design and prototyping of jet engines is an
extremely costly and laborious task. An alternative to at this is
the development of variants of existing engines for enhanced
performance which requires detailed modeling of engine in
mathematical environment for predse e\llnhon of
performance s. This paper p
modelling and sensitivity analysis of performance of RD-93, a
low b\'plss turbofan engine, towards design parameters

and sinulation emwnmuns ﬁor performance estimation of
overall engine and i comp . Modeling the
new variants of existing engines in numerical environment,
prmwp:otonpmghxsbecomeacommmpumcemgﬁs
turbine industry. Numerical Propulsion System Simulati
(NPSS)iza C+ based, ob)ect onented [1] software packaze
developed by NASA in collaboration with US aero-
l=i mdusm [2]. NPSS provides the freedom of

pressure ratio of turbomachinery
b\ymmommdmmamumeﬁedoﬁmugm
efficency of engine components on performance of overall
engine is estimated using numerical environment of Numerical
Propulsion System Simulation (NPSS). The results of

o1 analysis can serve asa for further parametric
m analyses of low bypass mbofl‘l:d:nm P

A’:ywrdl man!mmmlmddhn,g,lmb)pmwbqth,
prop syseem ratio, bypass

rario
L INTRODUCTION

Gas twbine engines are an integral part of modem
industries and act as primary power source of ground as well
a3 acronautical mechanical systems. With the growing
energy cricis and strict adherence to emisszion coantrol
regulations, techmiques to improve efficiency and
performance of turbine engines are of supreme interest. The
study of effect of each component on the overall
performance of 2as turbine engine can act as a guideline for
future parametric studies of jet engines. With advances in
technology, varizble cycle =ngires and other sophisticated
cycles are being developed to improve efficiency and reduce
carbon emissions. The cost of the deuelopmem of the
propulsion system rizes sub izlly with the comp v,
makinz the design process highly dependent upon
mmwmmcal modelling and simulation tools. This

dence of pace industry on computer codes has led
to de\'elopmem of some high- ﬁdelm numerical modeling
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zoommg into individual ¢ , allowing a mula-
fidelity analysis of the propulsion svstems 31

The selection of a specific engine cycle for any awcraft
depends upon the thrust requirement of the aircraft at the
critical flight condit The ev i of thrust
requirement is influenced by the geometry of the aircraft az
well a3 its dezign mission, which results in identification of
2 unique propulsion system which meets the thrust and
weight requirement while exhibiting good performance over
complete flight envelop [4]. Most of the modern military
aircrafts are incorporated with low bypass turbofan engines
to meet their thrust requi [5]. The turbofan engine
primarily consists of a fan or a low pressure compressor
followed by the core section and a bypass duct. The bypass
duct constitutes the bypass stream; whereas the core consists
of high pressure compressor, bumer, hizh pressure and low
pressure turbines. The flow form the core and the bypas:
ducts iz mixed in the mixer and fed to an augmentor in
military engines for additional thrust, and then expanded to
the ambient pressure using nozzle [6]. Low bypass turbofan
engines combine the high thrust output of turbojet engines
with the fuel economy of turbofans. Sm:e des:znofaumque
engine for every aircraft devel
andlabonousmlgﬂ;emodxﬁanmofenmgengmesu
usually employed to fulfill the thrust requirement. The initial
stepmd:edevelopmemofam variant is the sensitivity
analysis of the performance paramsters of the engne




towards the desizn parameters. Thiz paper presents the
senzitivity analysis of performance of RD-93 towards the
design parameters ie fan pressure ratio, hizh pressure
compressor pressure ratio, bypas: ratio, turbine inlet
temperature and after-bumer exit temperature using a
numerical model The effect of increasing the efficiency of
individual components on the Thrust and Thrust Specific
Fuel Consumption (TSFC) of the engine is alzo p d for

This paper p itude of impr or
detmmmmperfmmmce of RD-03 atdengnpoml, when
the dezign parameters are varied from the baseline values.
RD-93 i a Ru:sian low bypass, mixed flow turbofan,
developed by Kilmov to powsr JF-17 Thunder aircrafts
produced by China in collaboration with Paldstan
Aeronmcal Complex [13]. With improvement in
technology, the efficiencies of the individual component:

comparative study.

Choi, Lee and Yang in [7), presented performance
analyzis of F-100 PW-229 using GasTurb. The authors used
design point parameters available in open literature for the
analysiz and selected component efficiencies by random
search method and compared the output parameters at desizn
point with [8]and [9] and the results exhibit the difference of
less than one percent in thrust and fuel flow.

Larsson, Gronstedt, and Kypriamidi d
senzitivity of geared and open rotor turbofan engine:
towards the component efficiencies in [10]. The engine used
for the analyzis has low overall pressure ratio which makes
the block fuel more sensitive to low pressure system.

H R Patel p d a model to compare the effects of
varving fan pressure ratio and bypass ratio on the
performance parameters of vanable cycle engine m [11].
The study also presented a comparison of performance of
\'amblecyclealgmemthF-llQ The zuthor concluded that
the variable cycle engine has superior perfonmance
compared to F119.

In this papar, 2 ical model for evaluation of the
eﬁectof\uuﬂouofaﬂthemﬁaldengnparmetersmlhe

geneull_ “increazes. Mattingly classifies this increase in
efficiencies of engine component: with time as technology
levels. This paper also encompasses the imfluence of
technology level on Thrust and TSFC of RD-03 at desizn
point. Although the model presented in the current study iz
developed for RD-93, the general process iz applicable to a
wide category of low bypass, mixed flow turbofan engines.

1 8 ENGINE ARCHITECTURE

NPSS iz an object orientad software package, based on
C+= which follows the hierarchy of assemblies, elements,
sub-elements, socksts, funcuonsandubles thdlmkpons
are used to connect sub ically
andshaﬁhnkponsareusedtoconnectelemems
mechanically. Modelling of a propulsion cvde in NPSS
starts with the definition of 2 thermod: package. “all
Fuel”, “CEA”, “FPTF”, “GasTbl", “ING” and “Janaf" are
the thermodynamic packages availsble in NPSS [14]. =all
Fuel” ﬂ;exmod\'nmcpachgexsusedfmtbe modelling of
RD-93 in NPSS, which contains both gas and fuel properties.
Next stepmmodehnguthespecﬁcmmofthghtcondmm
at which engine is to be designed, using Flight Conditions
element. Flow from Flight Conditions enters Inlet element
andthepressure of the flow iz reduced because of the non-

performance of a low bypass turbofan engine is p
The influence of the variation of component performance on

the overall engine perfonmance is also quantified in the

Design of a mixed flow, after-buming turbofan engine iz
a2 complex process involving a huge number of input
parameters. At desizn point, Thrust and TSFC are the
significant performance parameters, the \'alues of which
depend upon the design p dezign ki and

pic effects. Flow from Inlet element proceeds to 2
Compreszor element named Fan where it i3 compressed to
higher prezsure by design fan pressure ratio. Flow from the
outlet of fan is split into two streams in turbofan cycles using
Splitter element which has zingle fluid imput and two fluid
outlet ports. The flow from one outlet of splitter is passed to
core of the engine, ie. to the high pressure compressor
(HPC) where it iz comp d to higher p The flow
from the other outlet is fed to the bypass duct using 2 Duct

component efficiencies [12]. The laws of conservation of
mass, energy and momentum are emploved to solve the
engine cycle using Revnold’s Transport theorem, the Thrust
of a mixad flow, afterbuming turbofan can be given by,

-(mw =2 ﬁ BV aVol+ # (eV)(V.E) da

The number of input p of each comp used
in NPSS for the analyzis of a turbofan engine iz enormous.
Inlet conditions i.e. ambient Mach, zltitude, tamperature and
pressure recovery, comp and fan 13tios,
eﬁaencmandspoolspeeds bmnexemnempexmeand
efficiency , turbine efficiencies, and nozzle type, just to
mention 2 few. However, the parformance of engine is
substanually affected by only a few parameters. When
developing variant of an existing engine, the effect of these
critical parameter: on performance of engine is analyvzed.

1 The high p flow from outlet of HPC iz fed
to 2 Bleed element where secondary flow for cooling of high
pressure turbine blades is extracted from the primary flow.
A percentage of the secondary flow extracted from Bleed
element is also used for environment control system of the
aircraft which iz modeled as a flow sink in NPSS. Rest of the
primary flow is drawn into the Burner element where fuel iz
also introduced through a separate port Element named
FuelStart iz uzad to feed the fuel to the fuel port of the bumer.
Input variables of the bumer element are pressure loss,
efficiency andemmempamzeofﬂn;nses.’l'hehxgh

flow 15 fad to Turbine element named HPT
which iz coupled mechanically to high pressure compressor
using a shaft element. The pressure of the hizh energy flow
is droppad during the work extraction process by the turbme.
Flow from HPT then enters into another Turbine element
named LPT, which is connected to Fan using low pressure
chaft. Secondary flow is drawn from HPC at sixty percent
work rize and a bleed element which is eszentially the exit of



the high pressure compressor, and iz introduced to both
turbine elements for cooling purpose. After low pressure
turbine, @ Mixer element namead Mixer is added in the modal.
The mixer element has a two fluid input ports and 2 fluid
output port. Flow from the engine core i.e. exit of the low
pressure turbine and the flow from the bypass duct are mixed
before introduction to the augmentor using mixer. The static
pressures of both the inputs to the mixer must be equal to
satisfy the Kutta condition, which states that the two merging
flow streams cannot support a static pressure jump, ie P =
P, [15]. Flow from the mixer outlet enters a burner element
named After-bumner, which like primary burner has a fluid
input and a fuel input port. The combustion in the afterburner
is carried out at relatively lower total pressure, which
decreazes the efficiency of the element Therefore, the
amount of the fuel uzed by the secondary bumer element iz
higher for than the primary bumer. The outlet port from the
sugmentor exit is connacted to the inlet of a Nozzle element
which can be either convergent or De Laval type depending
upon the input value of the Type switch of the element. For
RD-93 modeledindtepapu,ﬂnenozzieelememusedisa

variable area convergent di nozzle which ds the
incoming hlgh pressure flow to the ambient pressure for all
flight c The condition of full expansion at all flight

cmdmnmuadnevedbs varying the throat and the exit area
of the CD nozzle [16]. Theﬁowtstemmnedad:eengme
exit using a Flowend element, which iz added to the model
at the exit of the nozzle element.

Following simplified equations are used by NPSS for
calculation of component parameters at dezizn point:

Poz =My, Msgpeac P
Where,
={1 fongl}
M2 =11-0.075(M-1)*3% forl<M<$5

Pressure ratio of fan and compressor are known at desizn
point.

Using work balance to find the outlet temperature of
turbine,

mgge (140 € (TowToas) = mizpe € (Toas-Tos)
Where,

Finally, TSFC is given by,

TSFC = Thrust W,
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TasezL IepuT PAZAMETERS
Parameter Value
Altitode (m) []
Nach 0
Nass How e (kg's) 753
OPR i}
FPR 3
BPR 049
T X 1330
ABET () 2036
EPT Bleed 10°% of maxs Sow rate
LPT Bled 6% of maws flow rate
Customer bleed (kg's) 028

I ASSUMPTIONS
The following assumptions are made for modelling of a

turbofan engine in NPSS environment:

o Desizn point is taken 23 static 22 level

«  Flow throushout the engine is considered steady
«  Flow 2t the entrance and exit of 2xial components iz on2
dimensional

«  Flow area at the exit of combustion chamber iz constant

«  Flow in the stator of turbine is choked

«  Combustor exit temperature doa: not affact the pressure
loss in combustor e

o The efficiencies of primary and secondary bumer are
independent of flisht conditions

o Turbo machinery maps used for the analysis are scaled
versions of generic maps of fan, HPC, HPT and LPT

«  Component efficiencies (1, .n. Nusc. Nusr 2047, 57) 272
copstant

«  Flow throush the bypa:s duct and mixer is considered
isentropic [12] [17]



v, SENSITIVITY ANALYSIS:

A, Senmsitivigy:

Thrust and TSFC, as previously discussed, are the main
parameters that descnibe the performance of an engine.
Though all engine parameters affect their values, it iz sull
pertinent to study how strong or weak a function they are of
dezizn parameters. Sensitivity analysiz iz a simple way of
studving the dependence of thrust and TSFC onthechosen
desizn parameters, it alzo can tell which input parameters ar
lmpoxmmrecmcmngmemodal\nm:ulm[w] Mm

ivity of ap an input can be
defined a: the percan:ge change in that parameter with
small change in the input parameter. If a change in
component parameter [ results in 2 change in performance
parameter j then the sensitivity S;; can be written as,
7 (i} i

Greater the value of 5;_;, greater will be the depandence
of the parameter j on 1.

In the following sections, the effects of selected engine
design parameters and component efficiencies on thrust and
specific fuel consumption of the engine are prezented. The
componemdesagnpam:mmﬂmmmbevuwdmcmde
bypass ratio, fan p ratio, comp P ratio,
maxxmnmt\ninnemla emp
emmpaﬂmndmebleedﬂomuweasmecomponw
eﬁuencxes under consideration are that of the

hinery comp and combustion efficiencies of
both primary “and secondar\ burner. Even though other
panme‘nmnndaubtedlvcmmbmetod;e performance of the
engine, a prelimmary study ruled them rather ineffective
compaxedtolhechosenpﬁ:mamA

B. Component Parameters:
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Fig. 2. Seasitivity of military thrust towards design paramsters
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Fig 3. Semsitivity of military TSFC towards design parameters

Finxﬂlecomponemdesignpu:metmwuewxiedﬁom
their baseline value: by certain amounts ensuring
convergence over the range of values. From Figure 2-3, itis
evident that in military conditions, dnemuorcmmto
the values of thrust and TSFC is maximum turbine inlet
temperature which results in 2 substantial increaze in thrust
and TSFC of the engine. This effect is understandable since
in order to increase T4, more fusl flow into the combustor 12
required which results in an increase in thrust as the flow
entering the nozzle is at a higher temperature, hence greater
bneucenergy Themaeasedmassﬂmoffuelalso

the thrust as well as TSFC.
Increusmg bumer emp EIE ds to an
increase I combustion efficiency{19], ﬂms a relatively
Zreater increase in thrust is obzerved compared to TSFC. On
the other hand, increasing the bypa:s ratio of the engine
results in 2 decrease in both parameters zince smaller flow
goenhmuzhmecmeandﬂmslseammhmbmmsulum

lower nozzle exit hence thrust.
Thebleedﬂons:ﬁ'ectﬂteengmemasmﬂ.ﬁmm[w]
Increasing fan and c ratio

rsultsmdecreasemlhmsxdeSFC,msxsmmhbeause
at higher p the air g into the ¢
chambetunahlgbenempemreandlessmelxsreqmnd
to achieve the same T4, thus lowering the exit mass flow rate
resulnngmadecxeasemthmstaswellasfuelconmpnan.
Table II tabulates the values of sensitivity of thrust and
TSFC as described,

Tasuz Il Soxsrrrviry oF MILITAzY PERFORMANCE T2
Drsicy ParauzTans
Compozext TSFC Thrust
Fan -0.1605 -0.1022
Bypass Rato 0.1243 -0.1871
B P 01608 -0.0944




Bleeds -0.0233 -0.1425

operations the air which iz at a lower temperature and

Bumar 0.6638 1.6038
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Fig. 4. Seasitivity of max afterbumar thrust towards design parameters
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Fig, 5. Seasitivity of max afterbumar TSFC sowards design paramsters

theaﬁubmnaanersmesenn‘ﬁﬁw

has to be heated to the same T7 which requires
addmonofmoreﬁaelAlso combustion at lower prezsure iz
meﬁnmmd:ddsmmefnelcmmpmcmgmeSFC
0 increase. Smcethemasslea\mgtheengmeuuﬂlaa
lower p it ds to the
qmcklwandxsmblemmsﬁuasnmchhneucenezg\ asit
is possible in a higher pressure case, thus a decrease in thrust
iz observed. The effect of HPC and Fan pressure ratio iz
zimilar to that obzerved in military operation. These effects
are quantified in Table I1I.

Tases I SaxsTrvITy oF AFTIRaUaNER PERFORMANCE TO
Drsioy ParauzTaas
Compozest TSFC Thrust
Fan 0.0127 -0.0191
Bypass Ratio 0.093¢ -0.0918
e 0.0139 -0.0134
Bleeds 0.09¢7 -0.0830
Bumer 08484 08876
Afsrburner 0.9985 0.6318

C. Component Efficiencies:

Extending the sensitivity analysiz to component
eﬁaenaes,asxgmﬁcmmpmondmstmdl‘SFCofme
engine with varistion in component efficiencies can be
obzerved. Here, increasing the bumer efficiency resultz: ina
significant decreaze m TSFC while the effect on thrust iz
relatively neglizible. The predominant effect on thrust is due
to changing HPC efficiency which can be prescribed to
lower HPT power extraction requirement, a similar trend iz
2een when changing fan efficiency. These results are evident
in Fig 6-7 and Table IV.

Taswz IV Soxsrrvimy oF MILITAzY PERFORMANCE T2
Conpoxext Essicmnciss
Compozexnt TSFC Thrast
Fan 02335 035239
“‘!’c P"::‘ 02663 06579
Bumer 09361 -0.0610
High Prozaure 04554 04354
Low Pressae 02720 02779

Initiating
significantly as can be seen in Fig 4-5. The
this case, :howzanmnarnudtomxofmepnmzrybmw
mtheﬁmcaseandxsduetomlxre:sm \anmnof
bypass ratio in
toth.espeaﬁcﬁelcmmpnmofv.heengme_lnmhmv
operations, since the air entering the mixer was not heated
afterwards, it resulted only in addition to the thrust and had
no effect on the fusl consumption. However, in afterbumer




Wi Mitary T Varirion wis [¥ickasy

Ywout

Fig. 6. Sensisivity of military thrust towvards efficisncies

Wax Witary THG Variatien wih Esierey

Fig 7 Semsitivity of military TSFC towards efficiencies

Similar trends can be observed in
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Fig 9. Semsitivity of meax aftsrburner TSFC towards efficiencies

with the additional bumer behaving in 2 similar manner to
the primary bumer. The behavior of all components is as
expected ie. with increasing
consumption fall: while the thrust increases linearly over the
range tested, except for bumer due to reasons dizcussed
previouzly. These results can be seen in Fig 8-© and Table
V.

Tazez V. SaxmTrvrTy oF AsTaRaUaNes PRRsoRMANCE TO
Conpoxext
Compozent TSFC Thrust
p ) F: 04405 04521
efficiency the specific fuel = -
| Figh Prasrurs 05518 05
Comprasser
Bomer 02159 -0.0434
Figh Pressure
Turti 04839 03009
Etad 02823 02863
Aferburner 0.7815 -0.0540




V. FUTURE WORK

The aszumptions considered during this analyzis were a
product of topic at hand and the accuracy of the results
required. However, further improvement: in the engme
model within 1-D analysis, can be made by considering the
variability of performance of the compressor under different
flizht conditions where the actual performance departs
significantly from the map results, this may be due to change
in geometry structural or thenmal load, for which new maps
would be required. Similarly, combustion maps could be
used instead of constant pressure lo:z, to determine the
performance of the combustion chamber under varying
flight conditions and variable ies (resulting from the
chanze in temperature: and pressures within the chamber),
which may result in ranges of combustion efficiencies rather
than the conservative constant value considered in this study.

The design pomnt of the analyziz can be deviated from
static sea level which will result m different values of
performance parameters, though the trends of the sensitivity
analysiz should not differ by changing the design point.

The transient analysiz of the cycle can be perfonmed in
future to further elaborate the performance variation with
time. In this study, ho flow through each comp
and the analysis is carried out in steady state.

VI CONCLUSION:

‘With the growing demand of high power output coupled
with low carbon emissions, the need of development of
sophisticated gas turbine cycles iz increasing. The
development and prototyping of new engine cycles is
extremely expensive and time consuming process, therefore
mathematical and numerical altematives are being employved
by the asrospace industry for e evaluation of
engine cycles. I.uﬂnspapa'the effect of vanation of engine
dezizn parameter: and component efficiencies on the
performance parameters of a low bypass turbofan engine
were presented using NPSS.

The results suggest that the thrust and TSFC in military
operation of engine iz most senszitive towards the exit
temperature of primary bumer. While in after-bumner
operation, the thrust of engine is a strong function of the
primary burner’s exit temperature, however TSFC is most
affected by the secondary bumer’s exit temperature because
of the lower efficiency with which the secondary combustor
operates.

The results of senzitivity is of engine comp
eﬁaex\suzgestmmemﬂmmnnamongfmmn
ofhtghpwesswe compwssozeﬁoenc\ and military TSFC is

upon the ¢ ! eﬁc:enC\ of the
pnmm bumer. \’\'h:.le in after-bumer operation, the
efficiency of high pressure compressor affects the thrust the
mosv,deSFstaﬁectedsubsunuﬂhb\ efficiency of
secondary bumner.

In this study, the dependencies of engine comp
and desizn parameters were studied and reazons for these
behaviors were presented. Such analyses highlight the
operation of the engines as a whole in terms of specific

components and thus can be used for academic as well as
profezzsional purposes.
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