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Statement
This thesis was an examination .The remarks madegithe defense of this project

are not recorded in this document.

Abstract
In the first part of this work ,an overview is peesed of the powerplant used to power

the AIRBUS A-380 and the technologies used to cansthese performant engines. A
short comparison is made between the engines biailhen ordering those aircratft.

In the next part the process is studied to desigigla bypass turbofan engine ,starting

by defining the design parameters.

Step by step the design of the engine is explastading from the ideal model to the
real model in on design conditions. This will benddby using the PARA computer

software .

Finally ,real engine performance in off design atods will be analyzed by using the

PERF computer software



Introduction
In this work we will study the basic parameters #imel methods used for the

conception and design of high performance powaeantpjan particular for high bypass

ratio turbofan engines.

The production process of a new engine ,from cotme to finished
operational reliable product , is a process whictiolves a lot of research and
development and a small army of engineers. To as&eengine performance the
industry is very dependent of innovative technatsgi for example new alloys which
are more heat resistant or cooling so that thdrarimlet temperature can be increased.
This work only discusses a part of this processhasomplete process is a big team

effort.

In the first chapter of this thesis we take a labkhe power plants that are used
to power one of the most modern aircraft, the ALFBA-380. Attention will be paid
to the construction of the two different enginesahihare available on the aircraft. Some

of the new technologies used in these enginesnalsbe discussed.

The second chapter will regard aircraft performamacel determines some of the
basis requirements that the engine must be alji#h. flihe specifications of the aircraft
will be determined here, like aircraft dimensiondanveight ,and calculation
of minimum take off and landing speed. The aerodynogroperties of the aircraft are

also calculated in this part

Chapter three specifies the station numbering eftdinbofan engine that will be

adopted throughout this work in the formulas.

In chapter four , parametric cycle analysis is dfmvethe ideal turbofan engine
using the PARA program to analyze the data. Thidecgnalysis considers on design

conditions.

Chapter five regards the individual components bé tengine. As the
components of the engine determine the overaltieffcy of the engine, attention must
be paid to the design of each component of thenengin overview is given of figure of

merits per component in function of the technolab@volution.



In the sixth chapter , parametric cycle analysislame for the real turbofan
engine using the PARA program to analyze the dBEt@ results obtained from this

analysis will be compared with those obtained ftbmideal engine analysis.

In the last chapter, engine performance in off glesionditions is studied. This

data analysis will be done using the PERFO software

Software used for calculations
» PARA program. This software allows us to make pataim cycle

analysis of the real and ideal engine in desigrditmms .The variation
of parameters like Mach numbers and compressioio redn be
calculated and the change in engine performandeateal.

» PERF program. This software allows us to make t¢aticuns of real
engine performance in off design conditions .Irs tivay the influence of
different flight conditions can be studied and eradéd.



List of symbols

A - area,; constant

a - speed of sound; constant

b - burner

Cp - coefficient of drag

Cpo- zero lift dragcoefficient

Cy. - coefficient of lift

C.* - coefficient of lift corresponding to max (€@ Cp ) ratio
Cp - specific heat at constant pressure

C - compressor

D - drag

d - diffuser

e - energy per unit mass; polytrophic efficiency
F - uninstalled thrust

f - fuel/air ratio; fan

dc - Newton's constant

Oo - acceleration of gravity at sea level

h - enthalpy per unit mass; height

hpr - low heating value of fuel

HPC - high pressure compressor

HPT - high pressure turbine

IPC - intermediate pressure compressor

IPT - intermediate pressure turbine



K; - constant in lift-drag polar equation
K, - constant in lift-drag polar equation
L - lift

LPC - low pressure compressor

LPT - low pressure turbine

M - Mach number

m - mass flow rate

n - nozzle, load factor

P - pressure

Po - ambient pressure

P - reduced pressure

P; - total pressure

g - dynamic pressure

R - gas constant; additional drag

S - uninstalled thrust specific fuel consumption
Sw - wing platform area

S - spatium

T - installed thrust; temperature

Tt - total temperature

TSCF - installed thrust specific fuel consumption
t - time, turbine

V - velocity

W - weight



Greek

a - angle of incidence ;by pass ratio

y - ratio of specific heats

0 - dimensionless static pressure (8P

& - dimensionless toal pressure

ni - isentropic efficiency ,isentropic evolution indted by ,,i”
No- overall efficiency

Np- propulsive efficiency

n - thermal efficiency

p - density

o - dimensionless static density (=pfp

T - total temperature ratio

T; - total temperature ratio, isentropic evolution
0 - dimensionless temperature ratio (=I)T
@niet- dimensionless inlet loss coefficient

(hozzle- NOZZle loss coeficient
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Review of the turbofan engines used to power the 88 airplane

In this part we will take a closer look at the pomlants used to power the
A380,the newest airplane constructed by AIRBUS ngidhe latest state of the art

technology.

Figure 1.1. Source. www.airbus.com

CARGO HATCH

STAlRs TO  DUTY-FREE SHOP
UPPER DECKS

Figure 1.2. Source: www.airbus.com
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The answer to this wide body jet was the concepéind development of the
B787 Dreamliner by Boeing

Airbus developed the A380 as the most spacious eficient airliner ever
conceived. This 525-seat aircraft will deliver anparalleled level of comfort while
retaining all the benefits of commonality with Audi other fly-by-wire aircraft

Families.

By incorporating the latest advances in structares materials, the A380 offers
a direct operating cost per passenger that is L5y lower than the competing large
airliner. Reliability and maintainability will beufther increased through the use of new
technologies such as an enhanced onboard centiatemance system and variable

frequency generators (which simplify the large raiftts electrical generation network).

New-generation engines, combined with an advanced) wnd landing gear
design, will make the A380 significantly quieteathtoday's largest airliner — enabling

the very large aircraft to meet strict local regiolas at airports around the world.

A goal of the A380 program from the start has béeroffer double-digit
improvements in fuel burn and operating costs wbempared with today’'s largest

commercial aircraft.

The A380 has the potential to increase an opegteturn by as much as 35%.
Its increased capacity and longer range providees with significantly more seat-
miles on every flight. And because Airbus has maz@&u the boarding and deplaning
process by cutting out choke points, the signifilashorter turn-round time for airport

processing of an A380 allows schedules to be kgipt &nd extra flights flown.

Thanks to the incorporation of the latest advanicestructures, materials,
aerodynamics, systems and engine design, the A8BPravide a direct operating cost

per seat which is 15-20 per cent lower than the4eL.

Despite its ability to carry 35 per cent more pagees than its competitor, the
A380 burns 12 per cent less fuel per seat — redumperating costs and minimizing its
effects on the environment at the same time thrdagler emissions. The A380 burns

fuel per passenger at a rate comparable to theat economical family car.

13



AIRCRAFT DIMEMSIONS

Maximurm cabin width

Main deck: 6.58 m.
£ Upper deck; 5,92

metric imperial
Cverall length T3 m. 239 ft. 3 in.
Height Z4.1 . 79t 7in.
Fuselage diameter 7.14 m. 23 ft. 5in.

Main deck: 21 ft. 7
in. / Upper dech:;

m. 19 ft. 5 in.
Zahin length 49,90 m, 163 ft. 3 in.
Wingspan [geometric) 79.8 m. 261 ft. & in.
Wing area (reference) 345 mz 9,100 ftz
Wing sweep [25% chord) 33.5 degrees 33.5 degrees
Wheelbase 304 m. 99 ft, 3 in.
Wheel track 14.3 m. 46 ft. 11 in.
BASIC OPERATING DATA
metric imperial
- Trent 900 aor GF Trent 900 or GF
Engines 7000 7000
Engine thrust range 311 ki 70,000 |b. slst
Typical passenger seating 525 525
Range {wimax, passengers) 15,200 km. &,200 nm.
Max, operating Mach number (Mo} 0,89 Mo, 0.89 Mo,
Bullk hold wolurne - Standard/option 134 m3 650 ft3
DESIGMN WEIGHTS
rmetric imperial
Maximum ramp weight 567 tonnes 1,232 |bs, x 1000
Maximum takeoff weight 560 tonnes 1,235 lbs, x 1000
Maximum landing weight 386 tonnes 851 |bs, x 1000
Maximum zero fuel weight 361 tonnes 796 |bs, x 1000
Maximum fuel capacity 310,000 Litres 81,890 US gal.
Typical operating weight empty 276.8 tonnes A05.4 |bs, = 1000
Typical volumetric payload 66,4 tonnes 145.5 |bs, x 1000

Table 1.1 Basic A380 data. Source: www.airbus.com

Airbus’ 21st century flagship introduces a new efaairline transportation,
carrying 525 passengers aboard the most advangacipas and efficient aircraft ever
conceived.The world’s first true double-deck jetliner, the 8Bwill have a maximum
takeoff weight of 590 metric tons (1,300,000 Imyla range of 15,200 km/8,200 nm.

The A380 also benefits from the latest innovationgerodynamics, reducing
drag to the minimum and improving fuel efficienayrther. Moreover, the A380 is
fitted with new state of the art high by-pass esgirthat contribute to the overall
reduction in fuel burnThe combination of 21st Century aerodynamic stadsland
advanced digital design tools enables the A380 fter ainsurpassable performance
standards. A highly efficient wing design allow tA380 to take-off and land in less
distance than today's largest aircraft. As a reb@ltA380 uses existing runways while

carrying 40 per cent more passengers per flight.

14



Pratt & Whitney GP 7000

Two of the most respected engine manufacturers e industry,
Pratt & Whitney and General Electric, bring the n&R7000 engine family to A380
customers. GP7000 is derived from some of the resostessful wide body engine
programs in aviation history - the GE90 and PWA4Gafilies. These engines
demonstrated industry leading ETOPS reliabilityrirservice entry and forged a record
of over 250 million hours of superior performanBeilding on the GE90 core and the
PW4000 low spool heritage, the GP7000 is a refidedvative with a responsible
infusion of new technologies. On the Airbus 38% t&P7000 will exceed the high

standards of in-service reliability and performaegpected by tomorrow's operators.

« Best of GE Aircraft Engines and Pratt & Whitneyheologies.

« Two-spool simplicity for reliability and maintaingiby.

+ Best payload capability, performance and perforraaetention.

« Quietest.

+ Lowest emissions.

« Twice the capabilities of any one engine manufa&tuensure technical

commitments will be met on schedule.

MTU Aero Engines is Germany’'s largest aero enginanufacturer.
MTU is a partner of General Electric and Pratt &itley, who in 1996 established the
Engine Alliance for this GP7000 engine program. MT& responsible for the
development and manufacture of the turbine ceméend and the low-pressure turbine

as well as for the production of high-pressureinelparts.

Engine models:

e GP7270
« GP7277

Planes powered by GP7200:
« Airbus A380-800
« Airbus A380-800F

15



Technical description of the GP 7000

MTU share (22.5 %):

5.0 % HP Turbine

5.0 % Turbine Center Frame
12.5 % LP Turbine

Program shares:
30.0 % P&W
30.0 % GE

22.5 % MTU Figure 1.3. Source: www.enginealliance.com
10.0 % Snecma

7.5 % Techspace Aero

GP7200 Engine Features

Figure 1.4. Source:

www.enginealliance.com . Based on GE Engine Platfarm

Based on Pratt & Whitney
Engine Platform



1. Fan Module/Blade Containment
Built on PW4084 foundation

« FOD and erosion resistant, swept wide chord hotitamium fan blade with 3D
aerodynamic design

» Lightweight and durable Kevlar-aluminum containmgygtem

« Improved fan/exit guide vane spacing for optimunsao

* Indwidual fan blade reparability and on- wing reqgaent

2. Low Pressure Compressor
Built on PW4084 foundation

» 3D aerodynamic airfoil design for reduced fuel band increased EGT Margin
and life
e Low dirt and debris particle ingestion design ifmproved durability and long

on-wing life

3. High Pressure Compressor
Built on GE90 foundation

* 3D aerodynamic airfoil design for improved effioogn FOD resistance and
superior stall-free operation

 Thermally matched casing and rotors for improvedfgsmance retention
through blade rub reduction

e Wide chord, forward swept stage 1 integrally bladeidk for reduced

maintenance cost and on-wing repair

4. Low Emission Combuster
Derived from GE CF6 and CFM Technologies

* Low emission technology with singular combustor (3Alesign simplicity
* Meets all current and future CAEP4 emission requéets with significant

margin

17



« Lowest Nox emissions forA380 aircraft

5. High Pressure Turbine
Built on GE90 foundation

» 3D aerodynamic design, split blade cooling for wptn performance and
durability

* Thermally matched casing and rotors for performametention through tighter
blade-tip clearances

e Thermal barrier coated Rene N5 single crystal #gsflor improved durability
and performance

* Boltless rotor architecture reduces part count iaedeases disk life, reducing

overall maintenance costs

6. Low Pressure Turbine
Built on PW4000 foundation

« 3D aerodynamic airfoil design for reduced fuel band increased EG T Margin
and life
» Axial gap optimization / low stage acoustic cut-@&sign for noise reduction

* Hollow airflows for increased turbine efficiencydareduced weight

7. Bearing & Lube System
Built on GE90 and PW4000 technologies

» Simple two spool engine architecture results indoebverall reliability and
reduced maintenance costs

» Shor{, one piece tower shaft for improved accessory drai@ reliability

» Carbon seals reduce oil consumption and fuel bum

 Low pressure, unregulated lube system allows easyetem servicing and

reduced oil volume

18



8. Digital Engine Control
Based on GE90 and CFM technologies

« FADEC lll Engine Control System builds upon expece of previous Iwo
generations

e Advanced condition motoring system integration WAB80 aircraft sets new
standards in performance trending and remote deigncompatibility

* Advanced processing capability and redundant atitimonitoring sensors
results

in significant reduction potential in aircraft dggaand cancellations

9. Accessory Gearbox

Based on PW4000 proven design

« Core mounted architecture maintains shorter, lesmptex tower shaft
configuration for improved maintainability

e Internally cored lubrication passage minimizes ek plumbing and oil

leakage potential

* Proven gear, bearing and steel design for longaliig durability

10. Transportability / Propulsor Option
Based on GE90 and PW4000 designs and maintairyabilit

* Engine split-ship capability to facilitate modulersport by most wide-body

combi and freighter aircraft

* Propulsor configuration option available to suppaut-station engine change-

out and minimize spare engine investments

19



Emissions

The environmentally friendly GP7200 meets all ICA@seous emissions standards
with substantial margin.

Nominal Levels

Ox HC co

Smoke

% Margin to CAP 4 Requirement

M
Emission Components

Figure 1.5. Source: www.enginealliance.com

Noise

The GP7200 is a good neighbor, allowing the A380nteet current Stage 3 and
proposed Stage 4 noise level standards with margin.

Nominal (Technical) Noise Level
Cumulative Noise Margin
to Stage 3 & 4

Stage 3

10
Stage 4

A £

EPNdB

Quieter

AZB0 -800 AJBO-800-F
560 Ton 590 Ton

Figure 1.6. Source: www.enginealliance.com
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Fan/LPC

* Swept fan blades

* Frangible #1B Support
* New booster aero

e  72% flow scale of GE90-115B
* Low Emissions Combustor
« FADEC lll Control

Figure 1.8. Source: www.enginealliance.com

LPT
* High lift airfoils
» Airfoil clocking

Figure 1.9. Source: www.enginealliance.com

21



Rolls-Royce Trent 900

Rolls-Royce Trent are a family of high bypass tdi@incengines manufactured by
Rolls-Royce. All are developments of the RB24ith thrust ratings of between 53,000
and 95,000 Ip(236 to 423 kN). Versions of the Trent are in g@on the Airbus A330,
A340, A380 and Boeing 777, and variants are in lbgveent for the forthcoming 787
and A350 XWB. The Trent has also been adapted &im® and industrial applications.

Figure 1.10. Source : /www.aircraftenginedesign.com

The Trent has achieved significant commercial ss&ceeing the launch engine
for all three 787 variants, the A380 and A350.o¢grall share of the markets in which
it competes is around 40%. Sales of the Trent faofiengines have made Rolls-Royce

the second biggest supplier of large civil turbgfafter General Electric

22



Rolls-Royce Trent 900 engines powered the firstedated service of a
Singapore Airlines’ Airbus A380 from Changi Airpp&ingapore to London Heathrow
on 18 March 2008.

Although the Trent 900 is the largest and one ef tfost powerful engines
produced by Rolls-Royce, it is the quietest ancmdst engine for the A380eading
engine development programme on the A380 and launch engine for the aircraft (entry into

service with Singapore Airlines, Spring 2006)
First run, on schedule, March 2003
Engine certification, on schedule, October 2004

Successfully completed 60-hour flight test prograamam A340-300 flying test bed,
August 2004, on schedule

Will power maiden flight of A380, Spring 2005

Cleared for 80,000Ib thrust at certification, allogymargin for growth. Thrust required

at entry into service is 70,000Ib

Lightest, cleanest and quietest engine on A380.dsbwemissions of any large turbofan

engine, measured per pound of thrust

New technology features include "swept" titanium faades (lower noise, improved
aerodynamics) and counter-rotating HP system (gtttens” air flow, improves

efficiency)

Its 116 inch diameter fan makes the Trent 900 miaylyithe largest engine ever built by
Rolls-Royce

Trent 900 risk and revenue sharing partners:

Industria de Turbo Propulsores (ITP), Hamilton Sirahd, Avio, Marubeni, Volvo
Aero, Goodrich and Honeywell.

Samsung Techwin, Kawasaki Heavy Industries (KHY thikawajima-Harima Heavy

Industries (IHI) are programme associates.

Family background:
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Trent 900 incorporates the successful and unigreetbhaft design established by the
RB211 series and continued by earlier Trent vasiant

Fourth version of the Trent series to enter servaémarket leaders
Trent 700 (39%) Trent 800 (43%) Trent 500 (100%)
Firm and option orders placed for over 1,900 Tréytaearly 50 customers

Trent 900 will draw on the experience of 20 millitmial Trent flying hours by service
entry

And, not a lot of people know that....

At take-off, the A380's four Trent 900s will delivéhrust equivalent to the power of
more than 3,500 family cars

The engine's hollow, titanium fan blades are alm@steet across and suck in over 1.25
tons of air every second. By the time the air Isa\e nozzle at the back of the engine

it has been accelerated to a speed of nearly 1rll@8 per hour (1,600 kph)
Temperatures in the engine core are half thos@®surface of the sun

The blades in the engine's high pressure systeaterat 12,500 rpm, with tip speeds
reaching 1,200 miles per hour (2,000 kph)

At take-off, each of the 70 high pressure turbitedés in a Trent 900 produces over

800hp....more power than a Formula One racing car

The 116 inch fan operates at nearly 3,000rpm wijthspeeds 1.5 times the speed of

sound

A Trent 900 has around 20,000 individual

components

The Trent 900 is the fourth member
of the Trent family and includes the latest
proven technology. For example:

Figure 1.11. Source: www.rolls-royce.com
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* The engine’s 24 fan blades are to a new swept nlékag reduces the effect of
shock waves, as the tip of the fan rotates supmaty making it lighter,

guieter and more efficient.

« The fan containment system is also the first tontamufactured from Titanium
and does not need the additional Kevlar wrap, ntakira lighter and smaller
system

« At the core of the engine, the high-pressure slo&dites in the opposite direction
to the other two shafts, meaning the engine camade lighter and more fuel-

efficient.
Designed for Servicd:ow cost of ownership

Engine Health Monitoring for no
operational disruptions “ﬁ": -4
1|4 B8 '

Only engine on the A380 that can be }

transported whole in a Boeing 747F

Designed for ease of maintainability with
Fancase mounted units

Figure 1.12. Source: www.rolls-royce.com
Excellent reliability from day one with
enhanced service readiness

« Core scaled from the Trent 500

« Benefits of Trent family experience
Excellent Fuel efficiency

« High bypass ratio
Best for the environment

+ Quietest engine on the A380

- Lowest emissions on the A380 - world's lowest tf@ho emission
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Technical description of the TRENT 900

Fan system

Figure 1.13. Source: www.rolls-royce.com

Lightest fan system in the industry
Proven swept fan design (116" diameter) - low nd®& weight and high performance

Proven light weight titanium fan case - robust smadsportable whole in Boeing 747F

Compressor

Figure 1.14. Source: www.rolls-royce.com

Intermediate and high pressure compressors
* Proven Trent technology world-class performance
* Lowest risk
» Bladed discs throughout

* Jlowest maintenance cost
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* Next generation 3D aerodynamics

* More efficient airflow throughout engine
» Better fuel consumption

* Less parts and lower weight

* Rolls-Royce unique 3-shaft design enables compresto operate at optimum

speeds
Combustor
Figure 1.15. Source: www.rolls-royce.com
Combustor

* Proven Trent technology
» Tiled combustor for lowest maintenance costs
* Engine tests have confirmed the Trent 900 as hahmgvorld's lowest emissions

* Meets all proposed legislations with margin Assuassket value

Turbines
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* Proven Trent technology

* Low risk

* Next generation 3D aerodynamics with end wall piragi
» optimum performance and lowest fuel burn

* Proven shrouded turbine blades

» Best performance retention

Contra-rotation

T

Figure 1.17. Source: www.rolls-royce.com

High pressure contra rotation

» Contra-rotation of the high pressure system sigaifily improves the performance
and efficiency of the intermediate pressure turbine

* Improved efficiency

* Fewer parts

» Lighter parts

Health monitoring
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* QUICK' the predictive maintenance technology thadl#es real-time monitoring
using today's sensors (oil, vibration, pressurestamperature).

e Operational flexibility and lower the cost of owskip * Technology already
demonstrated successfully on the Trent 500 A3408R@0flight test and a test bed
uersion in operation at major overhaul bases.

* The on board intelligent software analyses the datight and combined with
Data Systems and Solutions provides advanced Englealth Monitoring

capability.

Predictability

« Each new generation Trent has demonstrated theésnoérour derivative approach,
setting standards of world-class reliability wilce new engine mark

« Over 250 million hours of Trent operational expede are incorporated into the
Trent 900 design

« Engine certification on time in October 2004 indiwith the Rolls-Royce proven
track record of delivering Trent engine programmesime and to specification

« The Trent 900 engine development programme hawvedetl excellent results
across the range, testament to the evolution gbttveen Trent design

+ World-leading Rolls-Royce operations technology uees that each Trent 900

engine is continually monitored in service, andmurped 24/7

. ensuring that our airline customers and theirspagers receive the highest levels

of operational excellence.
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Comparison of engine characteristics

Table 1.2. Comparison of engine characteristics

TRENT 900 GP7000
FiatAvio, Goodrich, Hamiltor )
General Electric
Programme partners Sundstrand, Honeywell, Volvp )
_ Pratt & Whitney

Aero, Marubeni,
Fan diameter (in) 116 116
Bypass ratio 8.15-8.02 8.7
OPR 38.5-41.1 43.9
Mass flow 2.603-2.700 3,000
Cruise SFC 0.518 0.518
Basic engine weight 14,155 _
Lenght 179 187.1

Fan, 8IPC, 6 HPC, AnnularFan, 5LPC, 9HPC
Stages

20 burners, 1HPT, 1IPT, 5LPT 2HPT, 6LPT

Source: Author
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Aircaft performance

Before we can start with the analysis of the tuaboéngine requirements, we must

have an idea of the design parameters for the engin

In order to establish these parameters ,attentiarst be paid to aircraft
performance , because the aircraft dimensions,dgeemic shape , configuration and
maximum weight will determine the basic requiretsem designing or choosing the
turbofan engine for this aircraft.

Once these aircraft properties and required pedana for this aircraft are chosen
and set, proper turbofan engine design can begin

Characteristics of the commercial aircraft equipped with turbofan

engines

Maximum gross take off weight WE1,645,760 N
Empty weight 822,880 N
Maximum landing weight 1,356,640 N

Maximum payload (253 passengers plus 190,000Nogarg 420,780 N
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Maximum fuel capacity 716706 N
Wing area w282,5 M

Maximum lift coefficient Leax=2,0

This aircraft will be propelled by two high-bypasgio turbofan engines.
The engines must be able to perform as follows:

» In the event of an engine failure , the aircraftsinstill be able to maintain a 2,4%
single engine climb gradient. £P1,5 m/s)
» The single engine aircraft flies at 5000 m altitadea speed of 0,45 Mach.sf,5

m/s)

Relationships for performance of an aircraft

Here a closer look will be taken at the forcest thiect and define aircraft
performance. These forces and their magnitude godirium will determine the power

required by the turbofan engines.

Lift and draq

The classical expression for lift will be used:

L=nW = (C,qS,, (2.1)
L Lift
n load factor (n=1 for a horizontal lesteady flight)
\W aircraft weight
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C. lift coefficient
Sy wing area

q dynamic pressure

The classical expression for drag is the following:

D = CpqS,,

Co drag coefficient
Sy wing area
q dynamic pressure

(2.2)

The drag coefficient curve can be a approximated second order equation from C

CD - K1CE + KZCL + CDO

Coo zero lift drag coeficient

The coefficients KK, and Gy are functionof flight mach number and wing configuration.

The K; and K terms account for the drag due to lift.
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The drag coefficients for the commercial aircraét given in table 2.1

Table 2.1 drag coefficients; KK, and Gy

TABLE 2.1 DRAG COEFFICIENTS Ky,K; AND Cpg

Mo Ki K, Coo

0 0,056 -0,004 0,014
0,4 0,056 -0,004 0,014
0,75 0,056 -0,008 0,014
0,83 0,056 -0,008 0,015

Source Elements of gas turbine propulsion ,Jack D. MglyinMcGraw-Hill 1996

The data of table 2.1 which shows the variatiorCpf§ and K with mach number is

plotted in figure 2.1

0.0152 0.009

0.015 / /
0.0148 /

/ 0.007
0.0146 // 0.006
/

0.008

0.0144 0.005

0.0142 / 0.004

0.014 / 0.003

0.0138 0.002
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mach number

Figure 2.1. K;, K, and Cp, in function of mach, Source: Author.
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By using the information of table 7, in combination with equations (2. (2.2), (2.3), we
are now able to express the drag in function ofimmagnber

The dag versus mach number is plotted in fi¢ 2.2

225,000.00
?rag vs Mach
205,000.00 \ /,
185,000.00 ! \
165,000.00 -
12 km
145,000.00 \ \ \ \\ / / e S
125,000.00 ——3km
— 6 km
105,000.00
9 km
85,000.00 11 km
65,000.00 T T T T T
0 0.2 0.4 0.6 0.8 1

Figure 2.2. Drag versus mach number. Source: Author
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Lift-draqg polar

This polar consists of a plot of the lift coeféat G versus the drag coefficient
Cp.

The polar will be plotted for the commercial pagganplane at 95% of the
maximum gross takeoff weight .

Using these drag data and previous equations eellermine the variation in drag

with subsonic mach number and altitude for levighti (n=1).
W= 1563472 N
n=1

dynamic pressure

q= Ey OPyer M3 2.4)

y=1,4 gas constant for air (ratio of spedifeats G/C,)
o dimensionless pressure (mRidPreferecd

Pret pressure at sea level in standard atmospRere=01325 B)

In figure 2.3 the lift-drag polar is plotted for M375 and M=0.83
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0.3 /4 -

"o 7/
0.15 II
0s 111
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0.01 0.02 0.03 0.04 0.05

Figure 2.3. C,, C4 polar. Source: Author.

The obtained lift-drag polar is important for ownemercial passenger aircraft, because

these speeds represent the cruising range of @uafi.

Determination of Stall, Take-off speed and Landig speed

Stall is a sudden reduction in the lift forces gated by an airfoil. This occurs

when the critical angle of attack of the airfoileisceeded.

This means stall will occur during level flightif{l= drag Joccurs when one tries

to obtain a lift coefficient greater than the W@ max.

The stall speed is define$ the level flight speetthat corresponds to the wing’s

maximum lift coefficient

The Stall speed is defined by following equation :
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2 w
e W (2.5)
PCrmax Sw

Vstau =

The stall condition means that control of the vkhis lost for a certain amount if time.

As this condition is dangerous for certain fliglunditions, but especially during
takeoff and landing where there is no time for &ieraft to recover from this condition,
safety margins will be set to take-off and landisgeeds to avoid this situation. this
margins only apply for a calm atmosphere, for aulent atmosphere it is advised increase
these speeds for example by 10%.

For safety reasons the take off spead Will be typically 20% higher than the stall speed,
and the landing speed at touchdows Will 15% greater.

Vo = 1,2Vsian (2.6)

Vrp = 1:15Vstall (2.7)

Calculation of the stall speed and touchdown speefbr the commercial passenger
aircraft.

Stall speedit maximum gross take-off weight

2x1 1,645,760 m
V. = — =69,0—
stall 1,225%2,0 282,5 s

Take-off speed:

m
Vro = 1,20Vyrqy = 82,8— = 298,1km/h
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Touchdown speed:

Stall speed at maximum landing weight:

v 2x1 1,356,640
stall =™ 11225 x 2,0 2825

m
= 62,2? = 223,9km/h

Vep = 1,15V, .0 = 72m/s

Fuel Consumption:

The rate of change of the aircraft weight dW/dllu® do the fuel consumed by the

engines during flight.

The mass rate of fuel consumed is equal to theugatoaf the installed thrust T and

the installed thrust specific fuel consumption.

We can write:

aw . . 9o Jdo
— == Wf=—mg—=—T(TSFC)(— 2.8
” f f e (TSFO)(- (28)
where:
9o constant acceleration of gravity
Je Newtonian constant ( in Sl urgtsequals 1)
T installed thrust
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TSFC installed thrust specific fuel congion
Wy weight flow rate of fuel

My mass flow rate of fuel

The equation can be rewritten in dimensionless fasm

aw _ T do
22 = — = (TSFC) (g—) dt 2.9)

Estimation of the TSFC

In order to calculate the change in aircraft weigsing equation (2.9), we need to
estimate the installed engine thrust T and install8FC.

In many flight conditions ,the installed engineusir T will be equal to the aircraft
drag D.

The TSFC is a complex function of engine regimejgerature, pressure altitude,

and speed.
The TSFC is also important to determine the esmite and range of the aircraft.

For preliminary analysis following equation canused:

TSFC = (04 + 045M)VE | ’JZT] (2.10)
Where:
0 dimensionless temperature ratio (=IjT

40



For un accelerated level flight thrust equals dff&gD) and lift equals weight, applying

these assumptions on equation (2.10) gives:

aw _C_D 9o
o= — 2 (TSFC) ( gc) dt (2.12)

Endurance

The endurance factor of an aircraft is definedHgyfollowing relation:

—_ L (9
EF = Cp(TSFC) ( gc) (2.12)

By applying this relation equation (2.11) becomes:

aw dt
— = —— (2.13)
w EF

The minimum fuel consumption for a time t will ocat the flight condition where

the endurance factor is maximum.

When the endurance factor is constant or nearlgtaoh ,we can integrate equation

(2.13) from initial to final conditions we obtainlfowing expression for the aircraft weight

fraction:
Wf _ _i
W exp ( EF) (2.14)
Or
w C
o= exp [—C—lL’ (TSFC)t 2 (2.15)
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Range

In flight phases where distance is important, tifier@ntial time dt is related to the

differential distance ds by following law:
ds = Vdt (2.16)
Where:

\% aircraft velocity

Substitution of (2.16) in (2.15) gives:

aw _ _CpTSFCgo 4 (2.17)
w L V. 4gc '

The range factor of an aircraft is defined byftiieowing relation:

C %
RF ==t~ % (2.18)
Cp TSFC gy
Therefore equation (2.17) becomes:
aw ds
—_— = —— (2.19)
w RF

The minimum fuel consumption for a distance s wdtur at the flight condition

where the range factor is maximum.

When the range factor is constant or nearly cohstae can integrate equation
(2.19) from initial to final conditions we obtainlfowing expression for the aircraft weight

fraction:
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W—’f = exp (— %) (2.20)

Or

We ( _Cp (TSFC)xs @) (2.21)

CL 4 Ic

This is called the Breguet range equation. Forréimge factor to remain constant,
C./Cpand V/TSFC must be constant.

Above 11,000 m of altitude ambient temperatureoisstant and a constant velocity

V wil correspond to constant Mach and constant T&F@ fixed throttle setting .
If C_is constant C,/Cp will be constant

Aircraft weight decreases during flight, thus thtgwade must increase to reduce the
density of the ambient air and produce the required L=W) while C_ and velocity

remain constant
We call this flight profile a cruise climb.

In the next figures (2.4), (2.5), (2.6) the TSFCF,Eand RF are plotted
as a function of Mach number for the commercialspager aircraft at 95% of the
maximum gross take-off weight.

The best endurance Mach number (= minimum fuelsemption ) occurs

increases with altitude and best fuel consumpsaat sea level.
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EF vs M

34
32 e S
AV o
31 — Gkm
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e 11km
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Figure 2.4. Endurance factor in hours in relation to mach number, Source: Author

RFvs M

28000
26000 K
24000 “ —_—L
22000 /7A//§«\ ——3km
20000 ——6km
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16000 —W\ 11km
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0.25 0.35 0.45 0.55 0.65 0.75 0.85

Figure 2.5 Range factor
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The best cruise Mach number (minimum fuel conswnptincreases with altitude
and the best fuel consumption occurs at 11 knitudét and at a Mach number of about
M=0.83

C./Cp -relationship

In case flight conditions require minimum fuel conmgption , the optimum flight

condition can be approximated by the one corregpgritie maximum QCp

By taking the derivative of expression (2.3) tisgtit to equal 0 and solving
it for C_ that gives minimum gIC_. we obtain maximumC,/Cp :

CL CL

The lift coefficient that that gives maximum/Cp (minimum GJ/C_ ) is

« — |Cpo
C; = P (2.23)

. 0.014 _ 05
L= 10.056

And maximum ¢Cp is given by

Cp~ % 1
(— = —— (2.24)
Cy, 2,/CpoKq1+K;,
On figure (2.7) we can see that the maximupiCg occurs at M=0,75.This is
also the Mach number that corresponds to the pdintinimum drag. Thus for M=0.75,

C./Cp is maximum and EF is maximum.

The Mach number that corresponds to maximum rawogeafgiven altitude ,is
usually higher than that corresponding ta/@ ) .It can be explained because the

velocity factor dominates the increase in TSFC.
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90000

80000 -
70000
60000 —Drag
50000 ——RF
40000 —EF
30000 ——a/cd
20000 -
10000 - . . : :

0.6 0.65 0.7 0.75 0.8 0.85

Table 2.6. Drag, Range factor, Endurance factor, Cl/Cd in function of Mach number, Source: Author
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Schematic diagram of a high Bypass ratio turbofa engine.

13 17

Fan Bypass

nozzle

Low-pressure
compressor

Nozzle

High- H| L
Inlet pressure Combustor | P P
compressor T il

2 285" 3 4 4.5 57 78

HPT = High-pressure turbine
LPT = Low-pressure turbine

undisturbed airflow

airflow through fan

compressed air leaving low pressure comprésB&) compressed air entering
the high pressure compressor ( HPC) \

compressed air leaving the high pressure cormpre$s HPC)/compressed air
entering the combustion chamber

burnt gasses leaving the combustion chamber lgasses entering the high
pressure turbine (HPT)

partially expanded gasses leaving HPT andiagteow pressure turbine (LPT)
further expanded gasses leaving LPT and entenagle

continued expansion in nozzle
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8 expansion to ambient pressure

13 compressed air leaving the fan and enterinpypass nozzle
17 continued expansion in by pass nozzle
18 expansion to ambient pressure

Parametric cycle analysis of ideal engines

Parametric cycle analysis determines the performafficengines at different flight
conditions and chosen design values. The thermaaignehanges of the working fluid are

studied in cycle analysis as it flows through thgiee.
Parametric cycle analysis studies the engine idesign point conditions.

Performance analysis determines the performance aofspecific engine
at all flight conditions and throttle settings. 3$himeans off design conditions.
The components of an engine are characterizeddyghhnge in properties they produce,

and a certain engine behavior is determined byatsnetry.

The main objective of parametric cycle analysi®iselate the engine performance
parameters (primarily thrustF and thrust specific fuel consumptionS
to design choices (compressor pressure ratio, fasspre ratio, bypass ratio, etc.),
to design limitations (burner exit temperature, poessor exit pressure, etc.),
and to flight environment (Mach number, ambient gerature, etc.). From parametric
cycle analysis, we can determine which engine gk components are most suited for a
particular need.

The value of parametric cycle analysis depends ciljreon the realism

with which the engine components are characterized.

He engine represents a so called “ rubber engine$ a change in geometry
is considered as a change of the thermodynamicredeas.

Equations used in Parametric cycle analysis of idéangines

Total temperature
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The total or stagnation temperature is the tentperavhen a steadily flowing fluid

is put to stop adiabatically

T, =T(1+M?) (4.1)
where :
T static (thermodynamic) temperature
Yy gas constant
M Mach number

Total pressure
The total or stagnation pressure is the temperatinen a steadily flowing fluid is

put to stop adiabatically and reversibly, thusisapically.

P, =P(1+2m2)" 4.2)
2
where:
P static (thermodynamic) pressure
Ratios

As ratios of total temperature and pressure willused frequently in this part,
a special notation will be used for them. A suipgawill indicate the component: d for

diffuser (inlet), ¢ for compressor, b for burnefot turbine, n for nozzle, and f for fan.

__ total pressure leaving component a

Ty, = : (4.3)
total pressure entering component a
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total temperature leaving component a

Tag = - (4.4)
total temperature entering component a
Total / static temperature ratio — free stream
T, -1
T, =2=1+2Mm2 (4.5)
T, 2
Total / static pressure ratio — free stream
Y
P -1 y—1
m, =2t = (1 + V—Mg)y : (4.6)
Py 2
Burner exit / ambient enthalpy ratio
__ htburnerexit _ (Cth)burner exit
) = = (4.7)
ho (epTo)
where:
ht burner exit burner exit enthalpy
ho ambient enthalpy
table 4.1 contains most short form ratio’s that s used in our analysis
Core stream Bypass stream
T _th T = Py _Tt13 _ Pt13
d — 7 d — 5 f = 7 - 5
TtO PtO th Pt2
T _Tt3 T = Py3 . _Tt19 - P19
c— 7 c — fn— fn —
TtZ PtZ Tt17 Pt17
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_ T — Py

b — & b — 5
Tis Py3
_Is ]

© T " Py
T - =P
" Tt7 " Pt7

Table 4.1 Source: Jack D Mattingly Elements of Gas Turbine Propulsion

Assumptions of ideal cycle analysis

Following assumptions are made for ideal cycle ysigl

1. There are isentropic ( reversible and adiabaticmppression and expansion
processes in the inlet (diffuser), compressor, fambine, and nozzle

resulting in these relationships:

-1 y-1
Tu=1,=1 Tg=m,=1 T, =T, Y Ty = T ¥
2. Constant pressure combustion, €1)is idealized as a heat interaction into
the combustor
The fuel flow rate is a lot smaller than the awil through the combustor
So:
m

L «1 and g+ M= g

mc

3. The fluidum will be air, which will be considered @ perfect gas with
constant specific heats

4. The engine exhaust nozzles expand the gas to thizanpressure.(®P. )
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Design inputs
All the possible inputs can be classified in onéoofr categories:

1. Flight conditions 0, R,Mo Cp, T0, T
2. Design limits (CoTt)burner exit
3. Component performance Ty, Th, Th,etC

4. Design choices T, TE, etc

Parametric cycle analysis for the ideal turbofan egine

The propulsive efficiency of a turbojet engine easily be increased by equipping
it with a fan. This ducted "propeller” - will be iden by the engine ‘s gas generator by

extracting a potion of its energy.

The fan increases the mass flow rate and decrehserequired propellant exit
velocity for a given thrust. The net effect of timstallation will be a decrease in wasted

kinetic energy and an improvement in propulsivecefhcy.
The ratio of the fan flow to the core flow is defthas the bypass rato
mg

a=— (4.8)

me
The total gas flow can expressed as follows

Assumption for ideal cycle analysis
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The thrust of the ideal turbofan engine is

F = %(% Vo) + (V19 — )

Substitution of equation (4.9) in (4.10) le&aots

S uhf oo a(-m)

mo gc 1+a

The core stream of the turbofan engine

The core stream will encounter the same elemerttseadeal turbojet

2
Vo _ Ty
(a—) = Ms
0 0

T T
2 =1,M2=
To TrTc
2 _
9 — (TrTcTt 1)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)
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Thus:

= ——"(1,7.7, — 1) (4.15)

The fan has neither combustor nor turbine, adamfdhe core stream formula gives:

Tio = T, (4.17)
My == (77— 1) (4.18)

Thus:
(%") = Mfy == (v, — 1) (4.19)

The law of energy for the steady state flow apptiadhe burner

mCCth3 + mfhPR = (mc + mf)Cth4 (420)



Defining fuel to air ratio
mf _ CpTO

f= e hpr (Ta — TrT¢) (4.21)
Output power of the turbine
W = (e + mip)cy(Teg — Tes) = ey Tea(1 — T0) (4.22)
Power required to drive the compressor
VVC = mccp (Tt3 - th) = mcCthZ(Tc - 1) (4.23)
Power required to drive the fan
Wr = mpcy(Traz — Trz) = MpcpTip(ty — 1) (4.24)
Since Wt = WC + Wf for the ideal turbofan , then
Tea(1— 1) = Tea(z, — 1) + aTyp(tp — 1) (4.25)
T, =1- % [TC —1+a(ty — 1)] (4.26)
t4
T = —T—T[T —1+a(r —1)] (4.27)
t 3 c f .
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Combination of equation (4.15) and (4.27) gives

(ﬁ)z = iT—A(Trrc {1 —:—;[Tc —1+a(ty — 1)]} — 1)

Y—17,7¢

After simplifying this becomes

(Z_Z)Z - ﬁ{% —t e —1+a(y - 1)] - rri}

Specific thrust of the ideal turbofan
As result of equations, (4.11), (4.19), (4.27):

mg __f _ f
F F/my  (mg/ me)(F/ mg)

S =

S
(1+a)(F/ o)

Thermal efficiency of the ideal turbofan

1

TrTc

nr=1-

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

The thermal efficiency of the turbofan engine is dame as that of the turbojet

engine , and this because the power that is egttdodbm the core stream of the turbofan

engine is added to the bypass stream without loghe ideal case, resulting in the net

output power.

Thermal efficiency of the ideal turbofan
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— 2% Vo
Vg 6

Thrust ratio

This is the ratio of specific thrust per unit of ssdlow and is a useful performance
parameter

_ Fc¢/mc
FR=—— 4.34
Fp/ mp ( )

Optimum Bypass Ratio

There can be stated if all other parameters aealfithere exists an optimum bypass
ratio. This optimum bypass ratio gives the minimi8+C

*

X

T2
T

= —TT(;_I) [1,1 —1,.(1.— 1) — p— —%(\/Tﬂf — 1+t — 1)2] (4.35)

When the bypass ratio is chosen to give the mininfughconsumption, the thrust

per unit mass flow one half that of the fan, thisams that for an optimum bypass ratio
ideal turbofan engine, the thrust ratio is 0.5

Vo=V, 1
FR=—"2=- (4.36)
Vig=Vo 2

Using this formula , the specific thrust becomesftiilowing:

F _ Qo 1+2a 2 B
(mo)a* T ge2(1+a®) [m Mo] (4.37)

The propulsive efficiency at optimum bypass raiieg by:

4(1+2a")V,

(T]P)mll’ls = (3+4-0!*)V0+(1+40!*)V19 (438)
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Optimum Fan pressure Ratio
For all other parameters fixed there exists annmoth fan pressure ratio which

gives minimum fuel specific fuel consumption andximum specific thrust.
There can be concluded that optimum fan pressticewdl be obtained when
Vy = Vig (4.39)
and

FR=1 (4.40)

giving:

T
137 (T—1) —$+arr+ 1

Tf = ) (4.41)

The specific thrust for an optimum fan pressumé&orturbofan becomes:

), =l =0 - 022

The propulsive efficiency at optimum fan pressuagio turbofan is:

2
(p)r; = v - (443)

Vo

Description of the Computer calculated performance for an ideal turbofan engine

using the PARA v3.10 program
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For the parametric analysis of the turbofan engive will use the PARA software
to obtain the necessary calculations .For the reqibts,the PARA program and excel

program will be used.
Figure 4.1 shows the basic interface of the PAfR#gram

:\DOCUME~1"Hans\Desktop'PARA'Para.exe
Cycle

Pal RamdJet lysis Program C(PARA> — U3 _.18-5ept 95
D». Jack D. Mattingly
5 by McGraw—-Hill, Inc.

ENT CHOICES

Engine Cycle: Ideal TurboFan Uariable: Mach NHumber

Data File: PARA . DEF Unit System: 8] Metric

Qutput: Screen Only Monitor: UGA Color

Plot Lines: a 85 Data Out: No

Plot Printer! Port: 1 Type: Dot Matrix
Color: Tile pattern

Figure 4.1. Basic interface of program Source: PARA Software

 DOCUME~1"Hans"Desktop PARA"Para.exe
Uariahle
Parametric Engine Cyc  Single Point Calculation .18-/8ept 75

Program
Copyrig

CURRENT CHOICES

Engine Cycle: Ideal TurboFan Uariahle: Mach Number

Data File: PARA.DEF Unit System: 51 Metric

Output = Screen Only Monitor: UGA Color

Plot Lines: a 58 Data Out: HNo

Plot Printeri Port: 1 Tupe: Dot Matrix
Color: Tile pattern

Figure 4.2 Basic interface of program Source: PARA Software
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'\ DOCUME~1%Hans\Desktop PARA Para.exe
Units
Parametric Engine Cycle Analysis English - U3.18-5ept 95

Programmed by Dr. J u
Copyright 1995 hy H .

CURRENT CHOICES

Engine Cycle: Ideal TurboFan Variahle: Mach Humber

Data File: PARA .DEF Unit System: 51 Metric

Output = Screen Only Monitor: UGA Color

Plot Lines: 5] 55 Data Out: Mo

Plot Printeri Port: 1 Type: Dot Matrix
Color: Tile pattern

Figure 4.3. Basic interface of program Source: PARA Software

First thing we have to do is to select thgpe of cycle.In our case we will select
"turbofan”. By selecting this type of cycle the lasdata corresponding to this

configuration will be uploaded in the program.

In the assumption for this cycle analysis is stateat the fluidum - air will be
considered as a perfect gas , meaning constanfisgezats. This is the second selection

we make under the optiodeal (perfect)gas model.

Under the optionUnit system Sl metric will be selected , as we are interested

have the results in Sl units.

Last thing we have to select in the basis scopthisf program is thdteration

variable, define maximum and minimum value, as well asitération steps.

When this done, we proceeduiew data, where we further can set the parameters

corresponding to the flight conditions as well agiee design variables and efficiencies.

The input data for the turbofan engine is presemdigure 4.4
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\DOCUME~1%Hans'Desktop' PARA'Para.exe
Input Data Screen — Ideal TurboFan

Flight Condition
Mach # g 8 (K> g

Combustion Exit Temperatures (K> & Fuel Heating Ualue
Tt4 8
Fuel Heating Ualue:

Gas Properties — Cp’s (kdJrs/kg—K> & gamma's

y1] H gamma
Design Variables
Compressor Pressure Hatio: Fan Pressure Rat
Engine Bypass Ratio 3

Figure 4.4. Basic interface of program Source: PARA Software

In this part of the program follwing data will bets
For the flight conditions:

Mach number

Altitude

Ambient temperature

Ambient pressure

Specific heat with constant pressure
Gas constant gamma

low heating value of fuel

YV V.V V V VYV V VY

temperature before entering turbine
for the engine design variables:

» compressor pressure ratio
» LPC pressure ratio
» Fan pressure ratio

» Bypass ratio

Press <{Esc> to exit

Ckd kg2

io
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Ideal component efficiencies will be used.
After all parameters are set, we chopsgorm calculations.
Figure 4.5 shows the output file of the PARA pragrfar the chosen settings

ey C:YDIOCUME~1%Hans' Desktop' PARAY Para.exe

Flight Condition FILE:PARA.DEF
Mach # - .83 T8 (K> : 216.6667

Combustion Exit Temperatures (K> & Fuel Heating Ualue (kd-kg)
Tt4 : 1568

Fuel Heating Ualue: 42808
Gas Propertiesz — Cp's (k- kg-K> & gamma's
» - 1.804 gamma 1.4
Design Variables
Compressor Pressure Ratio: 28 Fan Pressure Ratio : 1.7
Engine Bypass Ratio - 4

Presz {Enter> to continue.

Figure 4.5. Basic interface of program Source: PARA Software

“ C:4DOCUME~1%Hans \Desktop\PARA"Para.exe
0 [ . HH B 6 H '=1': H.6826 0 6 b 659
tlg B 9 B.08226 A.6 A.14 3 .66 L5 6
Tlh A 86 B.B2226 O.6 A_18 : b8
- . BA 86 B.0219 A6 g ; f
B _ B0 980 B.@216 A_64 5 A F19
[ . HH .8 6.9938 H A2 H.6367 0 b : 6
b tlg A.28 L. 85 A.8210 A.629 g i 9
Tlh 49 _ 7B A.A2076 0.6 A_6 7.9
g W 9.1 ; 4 @.A2058 ©.6146 A2 T
9 B _ B0 B _4 (.2988 B_.@2824 O.6078 A_9 L8 .9 Ay
0 14 . HH G 48 o 461615 H.6H o (Y B

Figure 4.6. Basic interface of program Source: PARA Software
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Calculation of the ideal engine parameters

In this section an overview of the input data ugmdthe PARA program, results

and graphs of the results will be presented.

Input data for the PARA program

Constants:

>

>

Mach number M=0.83
Altitude H=11000m
Ambient temperature T= 216.65 K

Ambient pressure P =22.632 kPa

Specific heat with constant pressurg,=C004 ki

kgxK
Gas constant gammpa= 1.4

low heating value of fuel 42 8(%

temperature before entering turbingT1560 k

Variable:

» Evaluation of bypassratio’s 4 ;6 ;8 ; 10 ;1@ aptimum bypass ratio 11,7

» Variation of the compressor pressure ratio withiaimmum of 20 to a maximum of

40 with increments of 2.

Results obtained from the PARA program

thrust.

In figure 4.7, the trust specific fuel consumptismlotted versus versus the specific
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In order to calculate the minimum uninstalled spethrust, we need the drag value
obtained from value obtained from figure

Chart Title

20 s %4
: = ..

S [mg/N/S] 18

8
17
16
15
------ Smax
14
13

170 190 210 230 250 270 290
F/m [N/kg/s]

Figure 4.7. Specific trust versus specfic fuel consumption

to apply in following formula:

From this graph we know that the best engine perdmce which corresponds to the
specific minimum fuel consumption maximum spedificust for the following range of
parameters

2m <dt <2.25m
And the specific thrust will have the following igan
F_ 267 to 272 N
== 0 kg /S

If we compare the values if with the ideal cycle
a~10
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32 < 7. ~< 40

dt =2.5m

We can observe that the compressor ratio , thadsymtio and the fan diameter have
greater values than in case of the ideal cycles&lugferences can be explained by the
energy losses that occur during the real cycle.her

Calculation of the minimum specific thrust at siog speed M = 0,83

T—(D+R) _ Ps

— V (4.44)
where:
R additional drag (landing gear, antennas) and isidened zero
W= 1563472 N (95% of the maximum gross take adight .)
D = 78000 N
Ps=1,5 m/s
Now the minimum required installed thrust can bedeined
T= 87598 N

Assuming thatphozzet @niet = 0,02 and knowing following relationship:

T =F = Pintet — Pnozzie) (4.45)
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We can calculate the required uninstalled thrust
F=89386 N

Determination of the maximum airflow in the engine
The subsonic inlet is constructed in such a way ihahe throat M=0.8 is not

exceeded.

This is a limiting Mach number which will correspb with the maximum

corrected engine mass flow that must pass thetthroa

Using this information the throat diameter carchleulated with:

d; = 0,1636yMegmar (4.46)

where:
ck throat diameter

meo maximum corrected engine mass flow
COmax

For a given diameter, the maximum airflow that pasthe engine can now be

calculated

) o dr \?
Mcomax = (0 1636) (4.47)

The result of this formula will be in English unitseaning d in feet and the mass

flow in pound mass per second.

A conversion will be required to Sl units.

ch.max (SI) = chmax (ENG) X 0,454

The maximum airflow through the engine in functafrthe diameter is shown in table 4.2
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dt (m) dt (ft) m (kg/s) F/m (N/kg/s)
1.8 59 275.1 325.8
2 6.6 339.5 263.9
2.25 7.4 429.7 208.5
2.5 8.2 530.5 168.9
2.75 9.0 641.9 139.6
3 9.8 763.9 117.3
3.25 10.7 896.6 99.9

Table 4.2 Maximum airflow in function of diameter

Calculation of the maximum allowable uninstalleclt specific fuel consumption
From figure 2.5 we can determine the installedghgpecific fuel consumption in

cruise conditions, TSFC = 0.71 lbm/(Ibf .hr) (=H000m ;M=0.83) and with following

formula the uninstalled thrust specific fuel comguion

S = TSFC(l - ¢inlet - ¢nozzle) (4.43

Shax=19.8 mg/ (N.s)

Engine component performance

Before the parametrical cycle analysis of therergngine can be made, engine
component performance must be analyzed first.

The value of characteristic parts in a real engyiliediffer from those of the ideal

engine.

This difference can be explained by the fact thidteareal cycle is subject to energy

losses.
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Apart from assigning values to pressure ratio's and temperature ratio’st,
we now also must assign values to the isentropiiciericies n and the polytrophic

efficiencies e

For the calculation we can use the data from t&devhich contains engine data

for engines used at present as well as data fonesigp be used in the future.

In following calculations ,the data for level otteology 4 will be used

Source : Elements of gas turbine propulsion ,Jack D. Mattingly, McGraw-Hill 1996
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Parameteric cycle analysis of the real engine

In this chapter the formulas will be presentedatzulate the parameters of the real
turbofan engine, and permit real cycle analysis.

The results of the real cycle will be comparedi® itesults of the ideal cycle.

Assumptions for the turbofan engine cycle analysiwith losses

The steps of the cycle analysis will be appliedoth the fan stream and the engine

core stream

1.Perfect gas upstream of main burner with consteoggstiesy. ,Rc Cyc, €etc

2. Perfect gas downstream of main burner with @mgiropertiesy. ,Rc Coc, etc
3.All components are adiabatic (no turbine coo)ing

4.The efficiencies of the compressor , fan and imerbare described through the use

of (constant) polytrophic efficiencieg & and grespectively.

Formulas used in the analysis of the real engine
Engine fan stream

For the fan stream following equation is valid

Ty 4_Po
i 1 ap|Vio To = Pg
fr— %o _ o4 To 6.1
mpg (1+a) g¢ [ao ‘;—109 Yc ( )
We know that
() =Tem 62
aO TO 19 "
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The Mach number in the bypass nozzle is

Yc—1
2 _ 2 Pt19) v¢
M19 - _ ( )
Ye—1 |\ Pyg

Where
Pt19
7%‘—-ﬂrﬂdﬂfﬂfn
and
o _ U™
- Yc—1
To (Pt19) Yc
P19
(6.5)
where
Ti9 _
UL

Engine core stream
For the core stream following equation is valid

F, = — (Vo = 1hcVo) + Ag(Py = Po)

T9

Fo _ a4 Vo _ ReTo 7Py
= | A+ NZ Mo+ 1+ )

R Yo
aop

and the fuel /air ratio for the main burner isidedl as

Pg

Yc

(6.3)

(6.4)

(6.6)

(6.7)

(6.8)
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‘\h
I
JE

We know that

(@)2 _ ViReTo o
- 9
Ao YcRcTo

The Mach number in the core nozzle is

where

Pro _Po

P. - T TMGTl TR Tl TTy

9 9

And

I _ Tio/To

To (Pto/Py)Yc—1/Y¢)
where

Ty __ _ Cpc
e TrTgTcTpTeTy = C TaTe
0 pt

Application of the first law of thermodynamics teetburner

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)
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ThCCpCTB + T]bmfhPR = Th4CptTt4 (615)

By using the definitions of temperature ratio’'sdeuel /air ratio , this equation

becomes:
Nphpr _
T, T, + fﬁ =(1+f)1y (6.16)
pclo
Solving for f gives
T1T+T
f= —nb,i,;_c (6.17)
CpcTt3 E

The power balance between fan , compressor andnéunlith a mechanical

efficiencynm of the coupling between turbine ,compressor andjfees

mccpc(TB —T) + mFCpc(Tt13 —Tp) = 77mm40pt(Tt4 —Tts) (6.18)
power into compressor power ffiato net power from turbine

Dividing equation (6.18) bym.C,.T;, and using the definitions of temperature

ratios, fuel /air, and the bypass ratio , we abtai
t.—1+a(t;—1) =n,1+ f):—i(l —7,) (6.19)

Solving for the turbine temperature ratio gives

1

T, =1-— T.—1+ a(rf — 1)] (6.20)

m(+f) A L €

Turbine pressure ratio
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Ve/[(Ve—1De]

Ty = Tt
Isentropic turbine efficiency
n _ 1—Tt-
t 1—T:/et

Compressor Temperature ratio in faction of congwepressure ratio

T, = ngyc_l)/(Ycec)

Isentropic compressor efficiency
n.g}’c—l)/Yc_l

Ne =

Tc—1

Temperature ratio of the combustion chamber

_ CptTia
) = ——
CpcTo
Fan temperature ratio
__(re—1)/(vcey)
Tf = 7Tf

Fan polytropic efficiency
nl(r)’c—l)/)’c_l

nf = ‘L'f—l

If we combine the thrust equation for the fan atneand the

we get:

26)

(6.22)

(6)23

(6.24)

(6.25)

(6.26)

28)

engine core stream,
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To Po

nec l+ag 1+a gc

ao

1-
L= — “"(( +f)——Mo+(1+f)§th9° C>+iﬂ<%’—

The thrust specifis fuel consumption S is

S = ﬂ = mf/mc
F o (mig/mc)(F/mo)

or

__f
(1+a)(F/m))

Engine thermal efficiency

_a§l(A+)(Ve/ag)?+a(Vig/ag)*—(1+a)M§]

2gcfhpr

Engine propulsive efficiency

2My[(1+f)(Vo/ag)+a(Vig/ag)—(1+a)My
A+ (Vo/ag)?+a(Vie/ag)?—(1+a)M;

nNp =

Tio | Po
O+VT_109 P19>
a—o Yc
(6.28)
6.29)
(6.30)
(6.31)
(6.32)
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Description of the Computer calculated performancefor a real turbofan engine using

the PARA v4.0 program

For the parametric analysis of the turbofan engive will use the PARA software
to obtain the necessary calculations .For the regibts,the PARA program and excel

program will be used.

E——— L= = ]
File Help
Parametric Cycle Analysis (ONX)

Version 4.0, April 23, 2001

File: C:ADOCUME™~T \HansALOCALS 14T emphR arfE=00. 687 ons. ons

Type of Cycle lteration Yariable
Turbojet- Single Spool Single Foint Calculation Yiew Data
Turbajet- Dual Spoal hach Mumber
Turbojetwith Afterburmer T4
. . ] Perform
+ Turbofan with Two Exhausts *+ * Compressor Fressure Fatio Calculations
Turbotan with Mixed Exhaust ™ Fan Fressure Ratio
Turbotan with Afterburner * Bypass Ratio
Turboprop®+  + Conv Only Mozzle kinimum 20 Exit
*Dual Spoal .
Maximum 40
Ideal [Perfect] Gas Model lteration 2
Constant Specific Heats [CSH]
. Specific heats varies across combustors, constant Unit System
ity other compaonents (MSH] - Equilibrivm model English
Yanable Specific Heats [WSH] - Equilibrium model + S| Metic

Specific heats varies across combustors, constant
in other components [MSH] - Curve fit model

Yanable Specific Heats [WSH] - Curve fit model

Figure 6.1. Basic interface of the PARA program
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First thing we have to do is to select thgpe of cycle.In our case we will select
"turbofan with two exhausts”. By selecting this ¢ypf cycle the basic data corresponding

to this configuration will be uploaded in the prag.

In the assumption for this cycle analysis is stateat the fuidum — air will be
considered as a perfect gas , with constant spéet g.upstream of the combustor , and
a perfect gas with constant specific hegtdownstream of the combustor. This is the

second selection we make under the optieal (perfect)gas model.

Under the optionUnit system Sl metric will be selected , as we are interested

have the results in Sl units.

Last thing we have to select in the basis scopthisfprogram is thdteration

variable, define maximum and minimum value ,as well asitér@tion steps.

When this done, we proceedvigw data, where we further can set the parameters

corresponding to the flight conditions as well agiae design variables and efficiencies.

The input data for the turbofan engine is presemidigure 6.2
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L Turbofan Data

Mach Mumber na2 Pi Diffuser Max 0.995
Altitude [reter] 11000 Pi Burner 0.95
Temperature (K] 665 Pi Mozzle 0.995
Pressure [kPa) o9 B30 Pi Fan Mozzle 094
Cpo (elilla il 1.004 Polytropic Efficiencies
Gamma c 14 Fan 0.89
Cp b {kJ kg ]t 1. 29510 LP Compressar 0g
Garnma t 1.3 HF Compressor 0.9
Fuel Heating Walue [kJAkag) 42800 HF Turbine 0.9
Tt K] 15ED LP Turbine 0.9
Blize s Flo 2] 1 Component Efficiencies
Cooling &ir Flow #1 (3] 5 Burter 0.99
Cooling &ir Flow #2 (%] 5 Mech - LF Spoal 0.99
Power Take-off Low [CTOL] g0 Mech - HP Spoal 0.99
Power Take-off High [CTOH] Mech - PTO Low 0.99

Deszign Yariable: Mech - PTO High 0.99

Compressor Pressure Ratio 9

LPC Pressure R atio 17
Fan Pressure Ratio 17 Close
Bypazs Ratio 4

Figure 6.2 input data turbofan engine



On-Design Calcs (0N W4_.0) Diate: L/24/2008 7:06:45 PM
File: C:%Documents and Settings\Hans\Desktop\Turhofan_engine\BPR4_an

Turbofan Engine with Two Exhausts & Conv. Nozzles
with Constant Specific Heats Model

k

e e e e i e o e e e e e Input_ Data e e e e e e o e e e e e e
False (Eg/m™3) Efficiency
Cp c = 1.0040 kEJ/eg-K Burner = 0.920
Cp © = 1.2351 EJ/kg-K Mech Hi Pr = 0.330
Gamma o = 1._4000 Mach Lo Pr = 0.595%0
Gamma t = 1.z2000 Fan/LP Comp =0.830/0_300 (effecLl)
Ttd max = lke0.0 K HP Comp = 0.900 f{ecH)
h - fuel = 42200 kJ/ky HPF Turbine = 0.900 f{etH)
CTO Low = 0.0100 LF Turbine = 0.9200 {etlL)
CTO High = 0.0000 Pur Mech Eff L = 0.330
Cooling Air #1 = E5_000 % Pur Mech Eff H = 0.530
Cooling Air $Z = E.000 % Bleed Air = 1l.000 % =
e e e e e e e e o e e e e ol o e e e o e e RESULTS e e e e e e e e e e e e e e e e e e e e e
Tau r = 1l.1z28 al (mfsea) = E3E.0
Fi r = 1l.571 o (mfsec) = Fd44. %8
Tau L = &§._BE8
Tau £ = 1.1857 P£15/P0 = Z.858
Eta £ = 0_.881% Tcl5/TO = 1.34591
P£l13/P19 = 1.829E9 POSP1S = 0.7Ze2
Ml = 1.0000 wls/va = 1.277%
Pi c F/mdot ] F2/p2 WVasw0 T Eff P Eff POSPD
z0.00 zEO0.47Z5. 6758 L1.83E E.3017 E53.1&3 E5.0%1 0.41les
ZE2_00 E1%.7825_3614 1_83F Z_z2847 E3_7E7T EE_1E51 0_4057
Z4_00 E12.98z25_ 0825 1.83F Z_.zZe68g B4 2E]1 EE.Z6z 0.4047
Ze_00 EZ12.0924_ 8319 1.23F Z_z2522 b4 6EL LLE.41c 04014
22,00 £17.1424 _ eg04e 1. 232 Z_.2387 54,955 LE. g0z 035994 b
30.00 z1l&6.14z24 3969 1_832 Z.ZE4g EE.ZZ0 E55.816 0.3984
JE.00 z15.11z4_ z05% 1.832 Z.Z111 EE5.43F L&_053 0.3984
34_00 EF14. 0474 02594 1_83F Z2_.1981 E5_E37 L&_ 309 039353
-
Save Print

Calculation of the real engine parameters

In this section an overview of the input data ugmdthe PARA program, results

and graphs of the results will be presented.

Input data for the PARA program

Constants:

» Mach number M=0.83
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>

>

values obtained from

Altitude H=11000m
Ambient temperature T= 216.65 K

Ambient pressure P =22.632 kPa

kJj
kgxK

Specific heat with constant pressure in compre$3er1.004

kj
kgxK

Specific heat with constant pressure in turbing=1;235

Fan pressure ratioy =1.7
Gas constant gamma compresgor 1.4
low heating value of fuel 542 800:—;

Gas constant gamma compresggcr 1.3

temperature before entering turbing=2000 k

technology, level 4 components will be used

table 5.1,component figuresnerit for different levels of

> diffuser pressure ratimgmax, burner pressure ratig ,core nozzle pressure ratio

T, bypass nozzle pressure ratQ
» polytropic efficiencies ; compressor. eturbine ¢ ,fan ¢
» isentropic efficiency of the burngg,

» Mechanical efficiencynm

Variable:

» Evaluation of bypassratio’s 4 ;6 ;8 ; 10 ;1@ @ptimum bypass ratio 11,7

» Variation of the compressor pressure ratio withiaimmum of 20 to a maximum of

40 with increments of 2.
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Results obtained from the PARA program

Specific Thrust versuz Thrust Specific Fuel Conzumption
Dateh/25/2008 7:14:03 Ak File: C:\Diocuments and SettingsiHans\D esktop' T urbofan_enginetOM=20005BPR 12 onx

0
29
28
27
26
25 —_
24

23 ——
2z

TSFC {{mog/sec)/M}

21
20
14

18
150 160 170 180 190 200 210 220 230 240 250 260 270 280

Specific Thrust {N/{kg/sec)}t

Done

Print

Legend - Cycles/Vanable - Gas

- TFAN/CPR MSHe
- TFAN/CPR MSHe
- TFAN/CPR MSHe
- TFAN/CPR MSHe
-TFAN/CPR MSHe
-

Figure 6.4. Specific Thrust versus specific fuel consumption, Source: PARA Software
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30 1
> % "
28 2,5m
2.25 m/ l )
26 Ii® / i a=4
S [mg/N.s] —e 6
24
Tc =40
8
22
: ——10
P e e . o ———————————— i_ _____
_14 : —12
18 a =13 :
145 165 185 205 225 245 265
F/mO

Figure 6.5. Specific Thrust versus specific fuel consumption, Source: PARA Software

Engine performance analysis
The required analysis to obtain engine perforradaaaelated , but very different

from the parametric cycle analysis studied in eapiaragraphs.

When using parametric cycle analysis of a turbaagine, values will be selected
independently for the compressor pressure ratian rbarner exit temperature, flight

conditions, etc.

When using the engine performance analysis ,th@npeance will be considered
of an engine that was built (physical or mathenahiwonstruction),with a selected pressure

ratio an d a corresponding pressure ratio anditesponding turbine temperature ratio.

The turbine temperature remains constant (es$dotia turbojet engine, and its
compressor pressure ratio is function of the tleoetting ( main burner exit

temperatured) and flight condition (M and T).
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Table 7.1 lists a comparison of analysis variables

Table 7.1 comparison, of analysis variables

Variable Parametric cycle Engine performance

Flight condition _ _

independent independent
(Mo,To and B)
Compressor pressure rafig Independent dependent
Main burner exit temperature _

independent Independent
T
Turbine temperature ratiQ dependent Constant

Table 7.1. Source: Elements of gas turbine propulsion ,Jack D. Mattingly, McGraw-Hill 1996

In the parametric cycle analysis the main burnértemperature and aircraft flight

conditions were specified via the design inputsT,P, and Ta.

The engine cycle was selected as well as the casm@repressure ratio, and the

polytrophic efficiencies of the engine componertts e

The result of these design input variables willedeiine the design or reference
point of the engine. The obtained specific engimadt and fuel consumption are only valid

for the chosen engine cycle and values of TM,Py , Tis, T, Tt ,Nc ,€tC.

The engine we studied in the parametrical cycldyaisawas a so called “ rubber”
engine, meaning when we change any of the aboveioned values ,the engine will
change its shape and component design to meetthérenodynamical and other

requirements.

When constructing and designing a turbofan engirtke, degree of variability
depends on the available technology, the main @iskeoengine, and the demands set by

the designers. Most gasturbines have constanflaregassages and limited variability.
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When a gasturbine is installed on an aircraft,pgsformance varies with flight

conditions and throttle setting and is limited bg £ngine control system.

A good approximation of an engine’s performanae be made by assuming that

the component efficiencies remain constant.

The analysis of engine performance requires a mbmtethe behavior of each
engine component over its actual range of operafibns the more accurate and complete

the model, the more accurate the results will be.

We will also take a closer look at the engine’sfgm@nance in off design conditions
as the engine is designed to perform in these tondi However, the engine is likely to
also operate in conditions other than design canditand this will of course affect engine

performance and the reliability of the engine

Reference values for engine performance analysis
By the application of the laws of conservationnadiss, energy ,momentum and

entropy for a steady one dimensional flow of arfgm# gas to an engine steady-state
operating point, functional relationships can belwed which can be used to predict

engine performance at different throttle settingd #ight conditions.

Therefore
f(m, 1) = constant

represents a relationship between the engine Vesiabandt at a steady state operating

point.

This constant can be compared to a reference comg@gubscript R) :

f(m, 1) = f(mg, Tg) = constant
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Sea level static is the is the normal referencalitiom (design point ) for the value of the
gas turbine engine variables.

Assumptions for engine performance analysis
1. The flow is choked at the high pressure turbineagmte nozzle,LPT entrance

nozzle , primary exit nozzle and bypass duct rezz|

2. The total pressure ratio’s of the main burner mary exit nozzle , and bypass
stream exit nozzler,, T, and mf,) do not change from their reference values.

3. The component efficienciesn(, n, N, N1 » NtL, Nmu @ndnm) do not change from
their reference values.

4. Turbine cooling and leakage effects can be neglecte
No power is taken from the turbine to drive acoess (or alternately pn or
nmL includes the power removed but is still constant

6. It will be assumed that the gases are caloricadlyget up- and downstream of the
main burner ,and tha and ¢ do not vary with the power setting.{l

7. The term unity plus the fuel air ratio (1+f) wilelzonsidered as a constant.

Performance of the turbofan engine
The turbofan engines used on commercial subsomgraét typically have two

spools and separate exhaust nozzles of the comiaygpe.

v/(r-1)
The flow in the nozzle will be choked When% > [(y';l)
0

In case the exhaust nozzle is not choked , thel@ozat pressure equals the

ambient pressure and the exit Mach number is sihson

To obtain a choked flow at stations 4 and 4.5 tbé high pressure spool during

engine operation requires constant valuestaf Ty, M., andmg, s .

Because the exhaust nozzles have fixed areasetigisie has 4 independent variables
Mo, To ,Po and T

In case both nozzles are unhooked, this will raaultl dependent variables.

The performance variables and constants are listeble 7.1
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Variables

Component
Independent Col?r?;svnr;[ or Dependent
Engine M. To, Po my, @
Diffuser g = f(My), 14
Fan T[fo
High-pressure o7
compressor cH» "cH
Burner Ta Ty
High-pressure
turbine Mot Ter
Low-pressure
turbine Ter) TtL
Mixer T max Ty, Ty, Mg, My, @', Mg 4
Afterburner T
UYY:]
o
Py
or
Nozzle 4y T, Tn
Ag
Total number 6 14

Table 7.2. Source: Elements of gas turbine propulsion ,Jack D. Mattingly, McGraw-Hill 1996

Formulas used for engine performance analysis

Mass flow parameter (MFP)

The mass flow parameter is defined as follows

MFp = ™%

PtA

where

(7.1)
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m
A " RT  JygcRT VRT R NT (7.2)
multiplying equation (7.2) by/T;/P; gives
N Y9c P/Pe
PA R JT/T, (7.3)

replacing the static/ total property ratios witjuations (4.1) and (4.2) results in

_ m Ty M\vgc/R
MEPOM) =% = rig-nrameoromeen - 74

Low pressure compressar.f , ;)

= _ 1) Feer1
T =14+ (- 1) Pv— (7.5)
Te, = [1+ N, (Ter — 1)]]/6/()/5_1) (7.6)

Low pressure turbinetf; , m;;)

Te, =1 =1 (1 — ﬂgt_l)/n) (7.7)
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— ,TL%
TeL = TR |7~ MFp (Mg (7.8)

Bypass ratioa
An expression for the engine bypass ratio can bmimdd at any operating

condition by relating the mass flow rates of theecand fan streams to their reference

values

Engine core stream

My _ Prady MFP(M,)

Me =177 JTea  1+f (7.9)
SO
mc _ Pra |Ttar (7.10)
mcr Pear\ Tta '
Engine Fan stream
; Pr10A
e = %MFP(Mlg) (7.11)
SO
mg _ Prao  [Traor MFP (M) (7.12)
mpr  Ptior \| Tr19 MFP(M;gR) '

thus combination of equation (7.9) and (7.113¢et®
— TcLRTcHR/TfR 72/(TrTf) MFP(Myo) 7.13
&= R o imenmy T/ (erep) Ik MFP(Myog) (7.13)
Engine mass flow

The engine mass flow can be written as follows
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1+a PomyMqTc ey Tear

my = (7.14)

mOR
1+agr (PotyTtaTeLTeH)R \ Tta

High pressure compressai.{ , ;)

_ Tta/To (TrTcL)R _
Ten =14 (Tta/To)rR  TrTeL (Ter = g (7.15)

Ty = [1+ Ney (Tey — 1)]Ye/Fe D (7.16)

Fan (tcL 71TCL)
The relationship of the power balance betweenfgineand the LPT is

NmiMasCPt(Teas — Tes) = meCpc(Tyyz — Tep) + M Cpc(Teps — Tiz)
(7.17)

Rewriting this equation in terms of temperaturtgosa, rearranging the variable and

constant terms , and equating the constant vatudeetreference values gives

Tr[(TeL—1)+a(rr-1)] Tr[(TeL—1)+a(rr—1)]
= 1 = 7.18
(Tya/To) (1=T11) Mt (14 )T { (Tra/To) (1=T11) }R 7:18)
Combination with equation (7.5) results in
T =1+ (155 — 1) 17t /Ty Terr—1ter(t/r—1) (7.19)

(A=7¢e)r (TA/Tr)R TeLr—1+a(Tfp—1)

88



where

Yc

e =1+ (tp + Dng]re (7.20)

Description of the Computer calculated performancefor a real turbofan engine using
the PERF v 3.11 program

In this part the computer program PERF (Perfomatecanalysis ) will be used to to
determine engine performance in off-design coadgiand different flight conditions.

As this is DOS software , the results will be piss=al with excel to obtain performance
charts.

Figure 7.1 shows the PERF interface.

" DOCUME~1" Hans"Desktop'PARAS Perf.exe

ile

Engine Performance Cycle Analysis FProgram (PERF> — U3.11-%ept 97
Programmed by Dr. Jack D. Mattingly
Copyright 1995. 1997 by McGraw—Hill. Inc.

CURRENT CHOICES

Engine Cycle: TurboFan Variable: Altitude

Data File: PERF.DEF Unit System: 8] Metric

OQutput: Screen Only Monitor: UGA Color

Plot Lines: a 85 Data OQut: No

Plot Printer! Port: 1 Type: Dot Matrix
Color: Tile pattern

Figure 7.1. PERF interface

Short summary of the PERF menu.
File — permits you to open files and save files,as S8Bnsion , and the program must
have short directory name to work.
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Cycle —Permits selection of the engine type and configoma

DATA- allows u to change and view the input datahef engine .Here we select our input
data

Variable — allows us to select an iteration vagazl|
Units — Sl or ENG

Calculation of the ideal engine parameters
In this section an overview of the input data usgdhe PARA program, results and graphs

of the results will be presented .The results W analyzed and compared to the

assumptions made for the initial engine.

Input data for the PERF program
Constants:

» Mach number M=0.83
> Altitude H=11000m
» Ambient temperature T=216.65 K

» Ambient pressure P =22.632 kPa

kJj
kgxK

> Specific heat with constant pressure in compre$3er1.004

kj
x

> Specific heat with constant pressure in turbing=1235 ok

» Fan pressure ratiog =1.7

» Gas constant gamma compresgor 1.4

> low heating value of fuel 542 800:—;

» Gas constant gamma compresggcr 1.3

» temperature before entering turbing=2000 k
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» by pass ratiax =10
» mass airflow of 340 kg/s

values obtained from table 5.1,component figurésmerit for different levels of

technology

» diffuser pressure ratimgmax, burner pressure ratim, ,core nozzle pressure ratio

Th, bypass nozzle pressure rati@
» polytropic efficiencies ; compressor. eturbine ¢ ,fan ¢
» isentropic efficiency of the burngg,
» Mechanical efficiencynnm
Variable:
» Evaluation of altitudes 0 to 11000 m

» Mach numbers 0 to 0.9

C:"DOCUME~1"Hans'Desktop'PARA"Perf.exe

TurhoFan using Data File: PERF.DEF
Flight Condition Altitude <m>:- A
Mach # . | A (K> : 28B.166 PA <kPa> : 181.3
Combustion Exit Temperatures (K> & Fuel Heating Ualue <(kdJ-kg)
Tt4 : 2008
Fuel Heating Ualue: 42888
Gas Properties — Cp’s (k- kg-K) & gamma’s
Cp c : 1.0984 Cp t : 1.235
gamma ¢ - 1.4 gamma t = 1.3
Component Total Pressure Ratios
Pi D max = .995 Fi B .75
Pi fN : .98
Turbomachinery Polytropic Efficiencies
LPC :- .9 LPT := .9 HPC =:= .9
Combustion Efficiencies
Burner D995
Mechanical Efficiencies
LPF Shaft := .99 HP Shaft = .29
Exhaust Nozzle Static Pressure Ratio (B = Convergent Only Hozzle?
Pa-pe i | Pa-P192 =1
Design Uariahles Mass Flow Rate of Air <(kgrs2:- 348
LPC Press Ratio: 1.7 HPC Press Ratio: 28 Fan Press Ratio
Bypass Ratio ) Mach Humber B 2: 5§ Mach Number @ 5

Presz {Enter> to continue.
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ey [ DOCUME~1'Hans'Desktop' PARA\Perf.exe

o3-S0 Moo e b e 2 ne 2 HESULTS
Tt@-Ta
Tt4-TH
Tt25-,Tt2
Tt3-Tt25
Etta cL
Tt13-,Tt2
Etta f
Tt45-Tt4
Tt5-Tt45
Etta tH

1.8878
B.839435

1.7888
28.8088
85.2164 x

1.7888

Pt@-Ta
£

Pt25-/Pt2
Pt3-Pt25
Etta cH
Pt13-Pt2

Pt45-/Pt4
a.7a837 Pt5/Pt45
91.1628 = Etta tL

A.3129
A.1842
?1.6636

Press <{Enter? to continue.

OCUME~1"HansDesktop'PARA" Perf.exe

B._8995 Pti19-P19
1.7717 Pt2.-P%
1.A1134 M19
A.A176 A%-A8
A.1837 A1%.7A18
i
348.1% ms=s Frop Eff
301 .18 MWrC(kgrssh Ther Eff
11.986 {mg-s>-N Ouver Eff
182375 H Fuel

17.3194 =
38 .545@ »
6.6758 »
1.2189 kgss

s
Thruszt

Press <{Enter? to continue.




A DOCUME~1%Hans"Desktop', PARA Perf.exe -0 X

. T D . . .
'{ D D
5 5 5 B8 5 HB B8 5 51515 5 B 1809
5 H B8 H b H 5 Gl6]5 b6 BE6 1879
g 49 .6 5 ! b6 B H.H8819
g et B.6 5 b6 4 H.8198
24 B8 6. 884 70 H H GG H.8 A . BB66
8. 476 HAA. 8 B9 g AB8E BH 3.8 H.H
5 B6 D .84 b6 1Ak 1.8 : H.H :
B8 .9 5 f [ HG 5 B¢ B 028 H 430
H BE .9 4 5 5 26 5 96 .9 4 4138 H 4
g B8 .B28 5 H Ll QL8 _ 6 H A0 A H [
! ¥, BB 4 5 BB g H.8879 H6 .8 H.8460 H.8366
g ¥, HH 5 HH g H.8879 H6 . H H.846H H.8366
F 0 0

Performance GCalculations of
TurboFan using Data File: PERF.DEF
Input Constants:

Pid max= #@.995%8 Cp c
Etta b a.9958a gam c
Etta cL= 8.8%23 Etta cH
Pi tH Aa.312%9 Tau tH
Etta f Aa.8815

TRatio 1._8888 pic max= B.68a Pt3 max= B_8kPa Tt3d max= 8.8K
RPMLmax a.@: RPMHmax= a.8:x FA-P? = 1.6880080 PA-P19? = 1.0800

MB = (.80 Alt = B m T@ = 288.2 K P8 = 181 .388 kPa

1.8844 Cp t 1.2358 Pi b = A.7588
1.4808 gam t 1.36888 Pin = B8.975%@
A.8522 Etta mL= B.2988 Etta mH= B.2788
B.7856 Etta tL= B.9166 Pi fn = B.9808

Tt4 = 1777.8

Press <Enter?> to continue.




= DOCUME~1Hans"Desktop’,PARA"Perf.exe

Thruszt

85393

26175

68585

62344

L7242

53074

49704

47048

44964

43379

422208

4A933

39684

38526

37434

36372

35293

34148 .

32881 1914.79
. 31432 1131.35
. 888 29734 1263.308

HRRREEE R
0060000000600 0666 0 b 0

P ko o o o o o o o o o o
50000600 0000GG GG GG 00000

{Enter> to continue.

Results _obtained by the PERF program
As mentioned before, we will use the Excel progtanprocess the results of our

calculations . a study is made of the real engiffedesign performance in relation

to the variation to Mach number and altitude

In previous chapter we calculated that the requiheust should 89386 N calculated for
following flight conditions : M=0.83 ,altitude = 000 m.

From figure 7.4, we can see that the thrust@sé¢hconditions will be 10700 N.
As we have 2 engines , The total thrust will be(IBN

we must also be able to have a 2.4% climb gradarsingle engine performance
on takeoff.

At M=0.25, and at sea level this means the t#kgpeed, we have an engine thrust of
about 68000N, enough to satisfy the 2.4% climb igrad

In next graph , the specific thrust is plottedundtion if altitude and Mach number.
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Figure 7. Function if altitude and Mach number
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Conclusions.

Designing an engine is not an easy feature !

One most well be aware of all the pitfalls that caour during calculations, such as
mistakes in conversion of units , or calculatiord atatic pressure ratio instead of total
pressure ratio.

Throughout this work ,from the start , we made aiartassumptions , it is evident
that these assumptions must be chosen must benctvitbegreat care , to obtain plausible
results.

In the first part we first took a look at the peofles of the aircraft , as the
aerodynamic qualities and the weight of the aitcrafll determine the primary

requirements for designing the engine .

Once we have determined the basic design requitsnvea can begin with the
parametrical cycle analysis.

In order to design our high bypass turbofan engiliée start out with the basic

ideal model , with perfect efficiencies , no pressiesses by the components , etc.

Once this basic perfect model is created, we caoutdh” the model ,from perfect
to real by adjusting polytrophic efficiencies dfetcomponents , which will of course affect
overall performance .The quality of the used congmb® is therefore of great importance

A “reference “ situation is created in order to leeée performance of different

engines in the same conditions.

Our parametrical cycle analysis only permits usatmlyze performance in on
design conditions, but allows us to optimize engiagameters, which will eventually lead
to a stable engine that should be able to opersteawide range of power settings in off-
design conditions.
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The use of corrected variables is also introduedhake comparisons between
different engines easier. This property is usecttiuce 5 dependent physical parameters to

2 independent dimensionless or corrected parameters

Technology plays also a major part in these deveés, as new material or cooling

techniques allows to further increase the thrust.

The results obtained in engine design should ndhbesame for a real engine than for an

ideal engine, however , it should be in there sape.

We have also learned that for a set of given patensiethere exists one optimum bypass

ratio or one optimum compressor ratio, which cqroesls to minimum fuel consumption.

This aspect ( and safety) is probably the seconst im@portant in aviation industry. If we
can optimize the specific fuel consumption, thidl ¥eiad to a larger range and endurance
for the same amount of fuel , which means cosingavand less pollution of the

environment.

A thorough background in aerodynamics and thermauhyos is necessary to fully grasp
the details of engine design, especially for aemdrinterpretation for the vast amount of

data that influences engine performance.
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