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Abstract

Engine fuel efficiency of aerospace vehicles can be reached by different
techniques. One way to do that is to reduce aircraft subsystems power supply effects on
the engine performance. Previous research work has showed that extracting bleed air
from the high pressure compressor exit is more efficient than extracting the equivalent
amount of energy from the low pressure spool shaft. A high bypass turbofan engine was
modeled using the Numerical Propulsion System Simulation (NPSS). The baseline
engine performance was evaluated at different flight conditions of Mach number and
altitude. To better understand the effect of air bleed take-off and shaft power extraction,
four simulation cases are investigated at constant fuel flow and constant high pressure
turbine inlet temperature setting. The first two cases extract bleed air from compressors
while the last two cases extract equivalent power from engine shafts. Appropriate model
modifications and port connections are made to consider the power extraction method.
The effect of a bleed air fraction off-take from 1% to 10% and equivalent shaft power
extraction on engine performance of thrust and thrust specific fuel consumption was
investigated. Engine compressors operating lines and HPT inlet temperature were also
checked. Results proved that shaft power extraction is more efficient for engine
performance than bleeding an equivalent air fraction from compressors. Those results

were shown to be consistent with a simulation run on the AEDsys simulation tool.
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EFFECT OF ACCESSORY POWER TAKE-OFF VARIATION ON A
TURBOFAN ENGINE PERFORMANCE

l. Introduction

Optimization of engine fuel consumption for both commercial and military
aircraft engines is becoming increasingly a matter of concern more than at any previous
time due to high engine acquisition, operation and maintenance costs. In a commercial
aircraft, engine fuel efficiency is crucial for an airline company as well as for its
customers in determining flight ticket cost. For a military aircraft, engine fuel efficiency
could directly affect the aircraft range and how much payload it could carry for a specific
mission.

In the early 1970s, the energy crisis pushed jet engine and aerospace industries to
focus on jet engine fuel consumption optimization. Consequently, studies have been
conducted in a variety of areas such as material strength improvement and weight
reduction, combustion optimization and fuel quality, and airframe drag reduction through
aerodynamic improvements. A large amount of work has also been dedicated to engine
system integration.

Engine system integration includes all studies seeking optimal engine component
integration efficiency, engine control techniques, thermal management techniques and
power off-take techniques. Different power extraction scenarios have shown different

impact on engine performance, and the analysis of their influence on fuel consumption as



well as on engine component behavior has been made easier with the availability of high

fidelity simulation codes such as NPSS.

1.1 Numerical Propulsion System Simulation program.

The traditional serial design process method for complex aerospace systems
involves mainly three phases. Starting from a request for proposal, the conceptual design
phase seeks to determine the requirements that drive the design, to define the geometry of
the system, and the technologies that should be used. Then, the system configuration is
frozen in the preliminary phase to develop a test and analytical data base, to design major
components, and to estimate actual product cost. Finally, is the detail design phase where
actual design pieces are built and design tooling and fabrication processes are initiated.

Although the design wheel offers an opportunity to improve design through an
iterative process, redesign or modification of one system components for a specific
disciplinary consideration can cause not only redesign of other components but also
cycle time to be longer than what is scheduled and fabrication cost to increase. With ever-
increasing market demands of reduced acquisition cost and highly efficient systems,
engineers can no longer rely on the traditional serial design process. Therefore, new
design tools are needed to take into consideration simultaneous modification or redesign
of system components, multidisciplinary team communication, and communication
between teams of different phase levels of the design process.

To overcome these challenges, U.S. government agencies such as NASA Glenn

Research center has joined with industrial partners such as General Electric (GE) and



Rolls Royce corporation to develop the Numerical Propulsion System Simulation.

(NPSS).

1.2 Problem Statment

The intent of this research dissertation is mainly to study the influence of different
power extraction techniques on jet engine performance in terms of thrust, thrust specific
fuel consumption (TSFC), HPT inlet temperature, and turbomachinery components
operating lines. Furthermore, engine performance sensitivities to HPT inlet temperature
maximum value will be studied. The simulation cases will be run at on-design point
cruise conditions; however results sensitivity to the flight condition altitudes will also be

made.

1.3  Research Focus.

The research will proceed as follows: a thorough survey of the literature will
summarize the current state-of-the-art of engine performance improvement in fuel
consumption. This concept will be implemented with other power extraction techniques
to see their feasibility and influence on engine performance. The remainder of this
document is arranged as follows: Chapter Il provides a summary of previous work
described in the literature in the field gas turbine propulsion performance analysis when
power is extracted to feed aircraft accessories, while Chapter I11 describes the simulation
setup and methodology and Chapter V summarizes the results and analysis of this

research simulations.

[Comment [a1]: use AIAA 2004-371 as refer
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1. Background and Previous Work

1.1 Turbofan Engine Cycle Analysis and Performance

For all types of gas turbine engine (turbojet, turbofan, turboprop, and ramjet), the
gas generator has basically the same component configuration with a turbine, compressor
and a burner at its heart. The main function of the gas generator is to convert an air-fuel
mixture into a hot gas having a high pressure and temperature. For a turbojet engine as an
example, thrust is produced by a nozzle that mainly converts hot gas at the turbine exit
into high momentum flow while the work extracted by the turbine is used to drive engine
compressor stages and the fan.

The primary measures of the engine's overall performance are the engine
uninstalled thrust (F) and the thrust specific fuel consumption (TSFC). The uninstalled
thrust for a non-mixed turbofan engine is basically the combination of the thrust
produced by the bypass flow stream and the thrust produced by the main stream (core).
Thrust produced by the fan, thrust produced by the engine core and the overall

uninstalled thrust is given by Eqgs. 1, 2 and 3 respectively.

E = i(m9V9 —mVy) + Ag(Py — Pp) 1)
1,

Fp= EmF(Vl‘) — Vo) + A19(Pro — Pp) 2

F=F+F (3)

These expressions of thrust are widely used for gas turbine engine cycle analysis.

However, non dimensional expressions are used for parametric engine design or when



engine performance is required to be compared with available equivalent results. For that

reason, specific thrust, Sg, is introduced and will be used in our engine simulation results.

_ 9cF
Sp = e (4)
where,
m, = mp + m, (5)

Thrust specific fuel consumption (TSFC) is a crucial engine performance
parameter that reflects engine fuel consumption and allows an easy comparison of one

engine fuel consumption efficiency among various engines. The TSFC is given by Eq. 6.

TSFC ==L (6)

Some other parameters that are also useful in judging engine performance are the
thermal efficiency, the propulsive efficiency and the overall engine efficiency. The
thermal efficiency characterizes the net energy output extracted (shaft work) from the
engine divided by the available thermal energy (fuel). The propulsive efficiency defines
the ratio between the engine power output and the power being used to run the aircraft.

The overall performance of a propulsion system is given by the combination between

thermal and propulsive efficiencies. Those performance parameters are given by Egs. 7-9

_ Wout
Nre = Om (7
T.V,
np = F;t (8)
No = NpNtH 9)

For a valid engine cycle point, engine parameters must allow at least conservation

of mass, conservation of momentum, and conservation of energy across any engine



component. Based on the turbofan engine cycle model of Figure 11-1, the conservation of

mass throughout the engine different stations is depicted by Eqgs. 10-21.

Figure 11.1. High bypass turbofan engine sketch
Tho = M, + 11 = (1 + Q) (10)
Thas = 1 (11)
Mys = (1 — B, (12)
My = Ty (13)
gy = (1= B)(1 — & — &, — &3)1, (14)
my=1+)A-PA-¢& —&—ex)m, (15)
gy = (1=l —e—e3+ f(1 — & — &, — 3) i, (16)
Tgg = Tig (17)
tgs = (1= B){1 — &5+ f(1 — &, — &, — &3) 1, (18)
Thg = Titg (19)
g = (1—B){1+f(1— & — & — &3)}1ic (20)

6



My = g (21)

The conservation of energy across engine components basically concerns power

or torque balance between elements mounted on each shaft element. In fact, at steady

state regime the low pressure turbine produced work should balance the work needed to

turn the low pressure compressor, fan and loads consuming work. Also, the high pressure

turbine produced work should equate to the amount of work used to drive the high
pressure compressor and other possible loads such as electric power generators.

For the engine model of Figure 11.1, the torque conservation across engine shafts

is governed by Eqgs. 22 and 23.

Y.pPX
Trqrp = Trqrpr — (TT"ILPC + Trqpan + LI;V ) =0 (22)
Sup PX
Trqup = Trqupr — (TrQHPc + H; ) =0 (23)

In transient mode, the HP spool shaft and LP spool shaft mechanical speeds are

governed by Egs. 24 and 25.

dNgp _ 60 . Trqup
= e S (24)
dNp _ 60  TraLp

at /27'[ Yip (25)

Engine components total property ratios are presented in Table I1-1.



Table 11-1. Engine components total pressure and enthalpy ratios

Total pressure Ratio

Total enthalpy ratio

Pf13 h’l’13
Fan Tp = —— T = —=
’ P, r )
P h
Low Pressure compressor (LPC) Tipc = ;TZZS Tipe = ht_zs
t2
. P, h
High Pressure compressor (HPC) Tupc = tz Tupc =7 2
t251 t251
Pl'4- h4—
Burner g = —— Tp = ——
i Pt31 i h‘t31
. . P h
High pressure turbine (HPT) Typr = Pt_:: Typr = ht_‘”
t t41
. P h
Low pressure turbine (LPT) Tpr = PLS Tpp = hts
t45 t45
P, h
Exhaust nozzle T, = — T, ==
Pt8 ht8

1.2 Power Extraction Techniques

Secondary power systems (SPS) are the power distributed around the

[Comment [a@2]: use Israel.pdf as reference

engine and airframe systems and not used for propulsion. On most aircraft SPS are

distributed in three forms:

- Electric (avionics, lights, instruments, entertainment).

- Hydraulics (primary and secondary flight controls, landing gears, brakes, steering,

doors, and other actuation functions).

- Bleed air or pneumatics ( environmental control system (ECS), cabin

pressurization, engine cowl and wing ice protection, engine starting).

Past and current turbofan and turbojet engines are capable of supplying SPS in

two forms:



- Shaft power is extracted from the engine's high pressure shaft to drive a gearbox
on which SPS components are mounted in addition to the engine's fuel and oil
pumps.

- Hot, pressurized air is extracted from the engine's compressors.

1.3 NPSS Modeling And Simulation

The performance of an air breathing engine basically depends on engine
components performance as well as operational conditions. In NPSS, the engine model
consists of a set of connected elements in cascade. For a double spool turbofan, elements
typically include a fan, a low pressure compressor, a high pressure compressor, a burner,
a high pressure turbine, low pressure turbine and a nozzle. Engine NPSS model
operational conditions includes flight conditions such as Mach number, altitude and day
type, and effects basically are the engine mechanical loads and bleeding air. Figure 11.2
presents a typical NPSS model of a double spool turbofan engine. Detailed information

about the model is given in section 111.1.
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Figure 11.2. An example of NPSS engine block model

The NPSS solver converges the engine model cycle set of equations into a
balanced state in terms of mass, momentum and energy conservation. The engine cycle
basically consists of an interconnected set of equations that need to be solved
simultaneously to obtain a consistent solution. To do that, the solver starts with a guess of
the model input parameters. Depending on the solver running mode (on-design or off-
design) and on the user requirements, one or more of the input parameters is varied
progressively in an iterative approach until the final solution tolerance is met. In NPSS
language the varied parameter is called the independent variable while the equation to be
solved is called the dependent condition or variable. The number of independent
variables must equate to the number of dependent conditions to be satisfied. Figure 11.3

represents the NPSS solver basic solution method.
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Figure 11.3. NPSS solver sketch

Consider Eg. 26. In this equation example, the variable x represents the
independent variable while the equation itself represents the dependent condition.
Commonly, in NPSS programming the equation is called the dependent variable. As
given this equation cannot be solved explicitly. However, we can get a numeric solution
very close to the real one just by varying the independent variable until the error between

the equation left hand side and right side within the tolerance order of magnitude.

4x%- 725 = 23 + sin(ﬁ) (26)
eq_lhs eq_'rhs

Basically, the absolute error of Eq. 27 is used to monitor the accuracy of the
solution regarding how far it is from the tolerance criteria. However, for a system of
equations each equation could have a different order of magnitude. Therefore, using the
absolute error tolerance could lead to inaccurate solution for all the equations.

error = eq_lhs — eq_rhs 27)

For example, say that the user is targeting a value of thrust specific fuel
consumption and burner exit temperature given by Egs. 28 and 29. If the absolute error
tolerance is set to be of the order of 0.5, we would have 65.4% error on TSFC and 0.01%

error on T4, When the solver is converged. In a case where the tolerance is chosen to be

11



very small, on the order of 0.01, to minimize the error on the TSFC calculated value, the

convergence of the solver for the solution of Eqg. 26 will be difficult to obtain and may

take many iterations. In fact, the independent variable that affects the value of T4, is the

fuel-air ratio. When this variable is varied the change in T;,; value could be more than

the error tolerance (0.001). Therefore, no matter how little the independent variable is

changed, the absolute error of Eq. 27 will more than the tolerance, and the convergence

will not be obtained.

TSFC = 0.765 lbm/(hr.1bf) (28)

Tis1 = 3200 R (29)

For that reason, the fractional or non dimensional error tolerance is used and a

reasonable error value for all orders of magnitude is obtained regardless of how many

equations the system has. The non-dimensional error is given by Eq. 30. In NPSS, the
user has the option to set the type of tolerance desired.

errorNonDim = (equns — €Qrns)/€qref (30)

Independently from the type of error tolerance used, the NPSS solver algorithm

varies x so that error converges to the tolerance (theoretically zero). In fact, for each

independent variable x value, the solver algorithm calculates the slope of the error and

looks for the value of x at which the error is more closer to zero. This is done iteratively

until convergence is achieved. Figure 11.4 shows the solver algorithm process.
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Figure 11.4. NPSS Solver solution searching method

Different solver algorithms within NPSS could be used to track how errors are
refined. The basic method is Newton's method, but other methods such as Modified and
Quasi Newton's methods are also used. The difference among those algorithms is the way
the slope is calculated and the new value of x is obtained. This can affect the time an
iteration could take and, therefore, how fast the convergence is. When dealing with a
system of equations, such as in our simulation case, a matrix of slopes is obtained instead
and updated at each iteration. This matrix is called the Jacobian.

The NPSS solver setup basically comprises three major steps for the simulation to
run correctly. First, engine model elements have to be executed in the correct order. By
default, the solver executes elements in the order of their alignment. However, if they are
not aligned in the correct order, the user must set the correct execution order using the
executionSequence function. The next step is to set the solver running mode. In fact, two
running mode options are possible within NPSS. At on-design running mode, the solver

uses the on-design parameter values and flight conditions to perform engine performance
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necessary calculations. At off-design running mode, flight conditions in terms and Mach
number and altitude are different from what are at on-design mode. Therefore, to find a
consistent cycle solution at off-design mode, the solver varies more independent variables
than in the case of on-design mode. Initial values of these independent variables are
obtained when on-design mode is run, and only then can the off-design mode can be run.
Finally, to complete the solver setup, the global function autoSolverSetup is called to set
the default solver to the appropriate independent and dependent variables. These
variables can also be set manually. Tables I1-2 and 11-3 show default independent and
dependent variables for on-design and off-design modes for a high bypass, double spool,

turbofan engine respectively.

Table 11-2. NPSS on-design and off-design default independent parameters

Solver Solver Independents
Mode Solver Variable Description
. HPT map Parameter (used by efficienc
On- TrbH.S_map.ind_parmMap sugelement to r(ead theymap) /
Design . LPT map Parameter (used by efficienc
’ TrbL.S_map.ind_parmMap sugelement to r(ead theymap) g
InletStart.ind_ W Inlet air flow at design
SpltFan.ind_BPR Bypass ratio
CmpFsec.S_map.ind_RlineMap Fan map R line
Off- CmpL.S_map.ind_RlineMap LPC map R line
design CmpL.S_map.ind_RlineMap HPC map R line
TrbH.S_map.ind_parmMap Same as On-design
TrbL.S_map.ind_parmMap Same as On-design
ShH.ind_Nmech High pressure shaft rpm
ShL.ind_Nmech Low pressure shaft rpm

When the model is run in NPSS, thermodynamic calculations are performed for

each element in cascade. Besides the on-design parameters values, the NPSS solver
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requires additional parameter values, such as entry thermodynamic conditions and mass
flow rate, to perform necessary calculations within an element. These parameter values
are made available for use within an element through element connection ports (fluid
input port of the element and output port of the previous joint element) as illustrated by
Figure 11.5. The high pressure compressor (HPC) element of Figure 11.5 has its design
point parameters of pressure ratio, efficiency and corrected shaft speed defined as
type = 10.0, nypc = 0.8522, and N, = 1.0 consecutively. However, to perform
thermodynamic calculations of pressure ratio for example, the input mass flow rate, W, is
required. For the example illustrated in Figure I1.5, compressor input mass flow rate is

obtained from the bleed element fluid output port.

Table 11-3. NPSS on-design and off-design default dependent conditions

Solver Solver dependents

Mode Solver Variable Description

Error between flow into the nozzle and
NozSec.dep_Area
nozzle flow based on area and PR

Error between flow into the compressor and
CmpL.S_map.dep_errWc .
. compressor map flow based on Rline and Nc
Off-design

Error between flow into the turbine
Trb.S_map.dep_errWp .
And turbine map flow based on PR and Nc

torque/work required for all compressors and loads

Sh.integrate_Nmech . .
grate torque/work delivered by all turbines
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Figure 11.5. NPSS elements ports connection

The engine is sized by the choice of the design point parameter values. Design point
is commonly specified in terms of operating Mach number and altitude while design
point parameters typically include the overall pressure ratio, OPR, fan pressure ratio, low
pressure compressor pressure ratio, high pressure compressor pressure ratio, bypass ratio,
BPR, and high pressure turbine inlet temperature, T;,. The design point parameter values
make together an engine consistent cycle solution that preserves conservation of mass,
momentum, and energy. However, due to the large number of parameters used when the
engine is modeled in NPSS, some mismatches could be generated. These inconsistencies
can be solved internally within the element level or within the model level by varying one
independent parameter until a valid cycle solution is obtained.

In on-design mode, the NPSS solver uses on-design parameters to compute the on-
design cycle solution. In off-design mode, the solver requires the engine maps in order
that a valid engine cycle solution can be obtained. The performance of engine
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turbomachinery components are typically given in a map format, commonly known as
engine maps. Figure 11.6 is a typical example of an engine compressor map. Compressor
maps present pressure ratio and efficiency as functions of the compressor inlet corrected

mass flow and the shaft corrected speed. These two parameters are given by Egs. 31 and

32.
i = MVO/ (31)
_N
Ne="/ 1 (32)

Pressure rafio, PR

BO%

350 Ibf's 500 Ibis
TO%:

Y

Corrected airflow, Wc

Figure 11.6. Typical engine compressor map
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1.4 Previous Work On Power Extraction Effects On Air Breathing
Engine Performance.

A. Yuhas and R. Ray [1] investigated an experimental test of the effects of bleed
air extraction on the thrust level of the F404-GE-400 turbofan engine. The experiment
was part of a program initiated by NASA to study the maneuverability of high
performance aircraft at high angle of attack. The problem was that the aircraft
maneuverability at high angle of attack degrades as control surface effectiveness is
degraded. Extensive experimental tests in a wind tunnel were conducted and had shown
that bleed air from engine is an adequate control method that meets mass flow
requirements over an extended time for the pneumatic forebody flow control (FFC).
However, bleeding air form the high pressure compressor decreases engine performance
in term of thrust. A ground experiment was conducted to investigate engine performance
when bleed air was extracted from the high pressure compressor exit. The F/A-18 aircraft
was tied to a ground platform to measure installed thrust while bleed air was extracted at
three engine power settings: 92% high pressure spool shaft speed, military power and
maximum power. Measured thrust was shown to be reduced linearly with bleed air
extracted for the three different power settings. Higher thrust losses were shown for
military and maximum power.

Ronald and Sijmen [2] studied the performance of a commercial aircraft gas
turbine engine when bleed air was tapped-off from the HPC exit or equivalent power was
extracted from the LP spool shaft. The extracted bleed air was measured in kg/s while the

electric power extracted from shaft was measured in kW. Therefore, a relationship
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between the two measurements was developed to compute the bleed air equivalent
energy. To do that, the authors used an exergy based calculation. As mentioned in [2], a

flow stream specific exergy is given by:

£ = (h = hyey) + Trer(S = Srey) (33)

1st thermodynamic law term  2nd thermodynamic law term

By definition, exergy is the combination of the 1% and 2™ law of thermodynamics.
With that combination, the conservation of energy (basically 1st law of thermodynamics)
is constrained by the conservation of entropy (basically the 2nd law of thermodynamics).
In other words, when a process produces an amount of energy, not of all the energy
released will be useful. In fact, some of it will be dissipated in chaotic motion of particles
within the flow stream. This energy is known as the "dead" energy. Consequently, if
energy calculations do not take into consideration the lost energy while computing bleed
air equivalent power, comparison with the engine performance when equivalent electrical
power is extracted from the low pressure spool shaft will not be valid.

John H. Doty, José A.Camberos and Davis J.Moorhouse [3,4], further
investigated the utility of exergy based focus over energy based focus for aerospace
applications. The performance of a modeled turbojet engine was investigated for one or
more of its components performance (duct heat exchange; for example) modified using
energy or exergy based calculations. It turned out that when using an energy alone focus,
physically non-possible operating conditions were allowed. However, exergy based

analysis provided the only possible physical combinations of operating conditions.
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Ronald and Sijmen [2] used the CF6-80E1 engine which powers the medium size
A300-200 aircraft. For the purpose of the simulation, they modeled the engine using their
own simulation code known as the Gas turbine Simulation Program (GSP).

Initially, they studied the bleed air and electrical power extraction effect on
engine performance at two different simulation settings: constant fuel flow rate setting
and constant high pressure turbine inlet temperature. Then, they investigated the effect of
exergy extraction strategies on the engine performance over a typical commercial aircraft
mission.

The first simulation setup was done keeping fuel flow constant while a bleed air
fraction of 1% to 10% of the main stream was removed at the high pressure compressor
exit. This bleed air fraction was intended to power aircraft accessories such as ECS.
However, it was not mentioned how bleed air is removed away from the engine. The
equivalent amount of exergy was computed and then extracted from the low pressure
spool shaft. The electrical power extracted from the LP spool shaft was to power different
accessories on board the aircraft such as electronic navigation devices. For each power
extraction technique, the engine performance in terms of thrust and thrust specific fuel
consumption was plotted against the equivalent amount of exergy extracted. For both
setting methods, constant fuel flow and constant high pressure turbine inlet temperature,
exergy extraction in bleed air was more efficient than exergy extraction in low pressure
spool shaft power for both thrust and thrust specific fuel consumption at on-design point

(see Figure 11.7).
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For both power off-take strategies, effects on engine compressor operating
conditions were also investigated. Actually, when air bleed fraction is increased, the
rotational speed of HP and LP compressors decreased. However, when equivalent shaft
power was extracted from LP spool shaft, the rotational speed of the HP spool shaft
increased at constant fuel flow setting. In fact, in that case, both compressor pressure
ratios and rotational speeds increased. Obviously, bleed air off-take is safer until a more
detailed investigation of power off-take on compressor operating conditions can be

performed.
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Figure 11.7. Effect of 0 to 7500 kW Exergy off-take in the form of bleed air or

electrical energy, on the thrust and specific fuel consumption, assuming constant
fuel flow

The second part of the simulation of the effect of exergy extraction strategy on
engine performance was carried out on a typical commercial aircraft mission. The profile

of the mission is shown in Figure 11.8.
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For this simulation, bleed air mass flow of 4.73 kg/s was tapped off at the end of
the HPC and half way from HPC. The equivalent amount of exergy was extracted from
the shaft power of the low pressure spool. For comparison between bled air off-take and
electrical energy off-take, the simulation was set so that both cases have the same cruise
thrust. Therefore, in order to preserve the same cruise thrust for both techniques, different
power settings were used.

Again, the bleed air off-take was shown to be more efficient, in terms of TSFC,
over the complete flight cycle notably during cruise and ground idling legs (see Figure
11.8). It was noted that the electrically powered systems would need to be 10-25% more
efficient than bleed air powered systems in order for the equivalent power extraction
technique to be more efficient than the bleed air extraction technique.

The investigation of an electrically powered environmental control system ECS
and bleed air powered ECS over the entire flight profile showed that the electrically

powered ECS is more efficient than pneumatically powered ones in terms of thrust
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specific fuel consumption. However, this efficiency is only due to the efficiency of the
ECS system itself and not to electric power extraction from the LPC shaft.
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Figure 11.9. Effect of bleeding air (4.73 kg/s) and electrical power off-take on the
performance of the CF6-80E1 over the complete flight cycle

In conclusion, the simulations of Ronald and Sijmen [2] showed that the bleed air
extraction is more efficient than electric power extraction, in terms of thrust and thrust
specific fuel consumption. In fact, engine performance degrades more when equivalent
power is extracted from LPC shaft than bleeding air from HPC exit. However, fuel saving
depends on the efficiency of the subsystems when powered by one or another technique.
This favorably gave advantage to electrically powered ECSs over bleed air powered ECS.

This simulation [2] gave an insight into the effect of some power extraction techniques on
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the performance of the engine, but for several reasons the results given should be
considered more qualitatively than quantitatively. First, the engine modeling on the
turbine simulation program (GSP), the accuracy of the solver, the fidelity of the
simulation were not explained. Second, the over-estimated results of exergy extraction (
up to 8,000 kW) are more than typical power requirement for commercial aircraft
systems. For example, the B787 commercial aircraft subsystems require about 1000 kW

of power generation.
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I1. Methodology and Simulation Setup

1.1 Engine NPSS Model

Fig I11-1 depicts the high bypass turbofan engine NPSS block diagram model.
Each block represents an NPSS engine element. The blue colored blocks together
represent the engine low temperature section, which includes both compressors, the fan,
and the secondary nozzle. The red colored elements represent the engine hot gas section,

which comprises the combustor, both turbines and the primary nozzle.

FlowEnd

Bleed air off-take form high
) 38| pressure compressor: 1% to
10% from main stream flow

Figure I11.1. High bypass turbofan baseline engine model with NPSS

The ambient element, despite not being an effective engine element, represents
the engine operational condition for computing the flight condition properties based on a

set of input parameters, of which most critical are the flight Mach number and altitude.
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Table 111-1. Ambient flight condition parameters

Mach number

Altitude (ft)

Day Type

dTs

0.80

35,000.0

Ambient

0.0

Based on those flight conditions, the inlet start element (InletStart) defines the
starting conditions for flow into the engine inlet (INEng). The starting conditions include
the inlet airflow and corrected airflow. The inlet cannot start the flow, and for that reason
there must be an upstream element, which is the inlet start element (InletStart), to start
the flow. Provided with the flow, the inlet element calculates the performance of a
standard inlet such as capture area and ram drag. Table I1I-2 summarizes on-design

parameter of the InletStart and Inlet elements.

Table 111-2. InletStart and Inlet design input parameters

W_In (lbm/s)

eRamBase

InletStart

100.0

Inlet (InEng)

0.995

The Split element is used for a bypass turbofan engine to split the free stream
flow into the main stream and the bypass stream based on the bypass ratio (BPR), which
is set at the design point. The core stream passes through the low pressure compressor,
the high pressure compressor and the engine hot section.

Both the CmpL and the CmpH type elements perform compressor performance
calculations in terms of pressure ratio, temperature ratio and efficiency. In on-design
mode, those performance parameters are set as input parameters. In off-design mode,

compressor performance is obtained from the compressor maps, which are implemented
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as a subelement of the compressor element. Table 111-3 presents main compressors and
turbines parameter values at on-design mode. These parameters mainly include adiabatic
efficiency, pressure ratio and corrected speed.

The area separating the two compressors (LPC and HPC) is modeled as a duct
element. Duct elements are used throughout the engine to model pressure losses between
engine elements. D025, D043, and Dfan are duct elements which model pressure loss
between the two compressors, the two engine turbines, and fan and bypass stream nozzle,
respectively. The user can set the pressure loss parameter so the element duct performs an

adiabatic pressure loss calculation.

Table 111-3. Engine compressors and turbines design point main parameters

PR effDes | RlineMap | NcDes | parmMapDes
CmpFSec | 15 | 0.8589 2.0 1.0
CmpL 3.0 | 0.8720 2.0 1.0
CmpH 10.0 | 0.8522 2.0 1.0
TrbH 0.8900 100.0 4.975
TrbL 0.8770 100.0 4271

The model of Figure I11.1 includes three bleed types: surge bleed air is extracted
from the low pressure compressor exit (B025), cooling bleed air mainly for the high
pressure turbine (TrbH, B042, B045), is extracted from the high pressure compressor
exit, and aircraft bleed powered accessory systems (Fel, for example) can be extracted
from both compressors. For the bleed off-take from the main stream, three main
parameters have to be specified: the fraction of the compressor inlet flow that is extracted
as bleed (fracBIdW), the fraction of the total pressure rise in the bleed flow (fracBIdP),

and the fraction of the total enthalpy rise in the bleed flow (fracBIdWork). The user
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should notice that only compressor and bleed elements are bleed sources, while the
turbine and bleed can be bleed sinks. All of the bleeds parameter settings are summarized

in Table 111-4.

Table 111-4. Engine cooling bleed air parameters

fracBIdW | fracBIdP | fracBIdWork | Pfract | diaPump
CmpH - TrbH | 10.0% | 100.0% 100.0% 100.0% 0
CmpH - B042 | 4.0% 100.0% 100.0%
CmpH - B045 1.0% 50.0% 50.0%

For a bypass turbofan, two engine nozzle elements are modeled: the main stream
nozzle (NozzPri) and the secondary stream nozzle (NozzSec). The amount of flow that
can pass through the nozzle is determined by the fixed throat area, which is calculated at

the design point. FlowEnd elements (Fe, Fel, FeSec) are designed to terminate the flow.

111.2 Engine Performance And Limitations

The NPSS engine model execution file can be put in one sole file. However, from
an organizational point of view and for simulation robustness, the use of different file
types, each having a specific task, is recommended. Commonly, we use the model file,
the user function file, the control file, the viewer file, the case file and the run file. In the
model file, elements are defined, ports are connected, on-design point engine element
parameters are set, and turbomachinery maps for the off-design mode are included. The
function file defines a user customized function to do a specific task. In the function file
example of Section 6 of Appendix-A, three user functions were created. One function
was created to make an engine envelope search. The second function is used to obtain
engine maximum performance in terms of thrust, TSFC and mass flow at military power.
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The last function purpose is to run the engine throttle hooks. The control file (see
Appendix-A, Section 3) gathers specific engine parameter values for fan mechanical shaft
speed and high pressure turbine inlet temperature to limit their maximum values. In the
viewer file (see Appendix-A, Section 3), targeted engine performance parameters and
simulation case monitoring parameters are set to be viewed. The main engine parameters
include the engine net thrust, TSFC, and HPT inlet temperature. The simulation
monitoring parameters are day running type, the thermodynamic package used and the
engine throttle setting. The case file contains all cases to be simulated. The case file
example of section 4 of Appendix-A includes an on-design point case simulation and
eleven HPC exit bleed air off-take cases. The run file is the model execution file where
all file types mentioned previously are included using a special NPSS command (see
Appendix-A, section 2) . The day type option, the thermodynamic package and the
throttle setting values can also be set up in the run file.

Figures I11.2-111.4 show baseline engine maximum thrust, thrust specific fuel
consumption and mass flow over several flight conditions of Mach number and altitude.
To obtain those curves, the engine throttle was set to its maximum value. This is done by
setting the power lever angle to 50 (CONTROL.PLACS = 50) which corresponds to
maximum fan mechanical speed. The altitude and range of Mach number were set on the
maxPerf function (see Appendix-A, section 6) and the simulation was run.

At cruise design point, (altitude = 35 kft, M = 0.8) all engine performance
parameters clearly indicate a small size turbofan engine. Actually, at that flight condition

the engine can only produce 1,849 pounds of thrust. Although the engine can be scaled to
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be adapted to common commercial aircraft mission performance requirements, by scaling
the inlet mass flow at the design point, we will use this engine model for the simulation

since the engine size does not affect the simulation trends (see Chapter 1V).
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Figure 111.2. Baseline engine thrust at military power
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111.3 Running Cases

As mentioned previously, four main simulation cases were performed during this
study. The first two cases included extraction of bleed air from both engine compressor
exits. The other two cases extract an equivalent power from both spool shafts. Each of
these two cases was run at two different settings. One setting kept fuel flow constant. The
other setting maintained a constant high pressure turbine inlet temperature. The fuel flow
parameter is not by default considered as a solver independent variable (see Table 11-2 for
the list of the NPSS by default independent variables). Therefore, for off-design mode, at
each case running, no extra setting is needed to run the simulation at constant fuel flow.
In fact, the solver will maintain the fuel flow rate the same as at the design point.
However, to run the cases at constant HPT entry temperature, the fuel flow parameter is

added to the solver as an independent variable and the HPT inlet temperature is added as

31



a dependent variable while fixing its targeted value. In this case, the solver will vary the
fuel flow until the air fuel mixture combustion (which is a simple energy balance with a
specified combustion efficiency) produces the targeted maximum high pressure turbine
inlet temperature. For reference, all the cases considered in this simulation are

summarized in Table I11-5.

Table 111-5. Simulation cases description

Case Name Description T.4(R%) Fuel Flow (lbm/s)
Case 1 Bleed air extraction from HPC exit | Non constant 0.35
Case 2 Power extraction from HP spool shaft | Non constant 0.35
Case 3 Bleed air extraction from LPC exit | Non constant 0.35
Case 4 Power extraction from LP spool shaft | Non constant 0.35
Case 5 Bleed air extraction from HPC exit 2770.0 Non constant
Case 6 Power extraction from HP spool shaft 2770.0 Non constant
Case 7 Bleed air extraction from LPC exit 2770.0 Non constant
Case 8 Power extraction from LP spool shaft 2770.0 Non constant

Based on the NPSS default element and tools, there are two options for power
extraction from engine LP and HP spool shafts. The first option includes adding a load
element on the targeted spool shaft. When linked to the shaft, the load element consumes
shaft power by applying a torque load on it. The amount of power extracted is

proportional to the product of shaft speed and the load torque as illustrated by Eq. 34:

P =trqioaa * Nmecn * NR (34)

The advantage of the shaft load applying power extraction option is that it takes
into account the electrical power generator characteristics. In fact, practically, not all of

the power extracted mechanically from the shaft will be transformed into useful electrical
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energy. Actually, useful power depends on the connection gear efficiency and other
parameters. A disadvantage, however, is the difficulty to find in the open data bases
typical technical characteristics of an air breathing engine electrical power generator that

matches the engine size of the current study.

The second option for spool shaft power extraction is to directly use the
governing shaft power calculation as defined by Eqs. 22-23. The shaft element HPX
variable is the targeted parameter and represents the amount of horsepower extracted
from the shaft. Although this method does not really take into account the efficiency of
the load element, it is simple to use and makes the study independent of the technology
used, giving the results a broad interpretation. For that reason, the second power off-take

option was used.

I11.4 Turbomachinery Map Scaling

Gas turbine engine turbomachinery maps basically depend on blade geometry
characteristics. Therefore, maps used to test small engine prototypes can be scaled and
used for a real sized model. The maps included within the NPSS engine model do not
necessarily match the engine modeled size, but the user can choose a customized engine
size for a particular purpose by setting the inlet air mass flow at the design point.
Consequently, in off-design mode, compressors and turbine maps must be scaled to
perform the necessary engine performance calculations. The NPSS solver automatically
scales the engine maps by varying some independent variables. For compressor maps, the

solver varies RlineMap parameter until the mismatch between flow going into the
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compressor and the flow map based on Rline and N, converges to zero. For turbine maps,

the solver h/aries\ the parmMap independent parameter until the mismatch between flow

going into the turbine and the map flow based on PR and N, is minimized.

Although map scaling is automated within the NPSS solver, scaled maps have to
be obtained manually, at least for the fan and compressor maps, in order that different
simulation cases operating lines can be plotted and the compressor behavior for each case
can be revealed. The compressor maps parameters to be scaled are the compressor
corrected entry mass flow, pressure ratio and efficiency. The scaling is performed using

the design point and according to Egs. 35-37

W, desired

W, scale factor = Wo wnscaled (35)
PR desired—1
PR scale factor = PR inscaled—1 (36)
__ ndesired
n scale factor = —— (37)

Table 111-6. Engine map scaling factors

Comment [a3]: don't forget to add those
variables on the list of varaible names a the begining
of the thesis

Desired (on-design) Unscaled (map) Scale factors

PR | eff | W.(lbm/s) | Rline | N. | PR | Eff | W.(lbm/s) | PR | eff | W,

Fan | 1.5 | 0.86 216 20 |10|167|087| 14417 |0.73]0.98]0.15

LPC | 3.0 | 0.87 43.2 20 |10]171]0.90 187.7 2.8110.97]0.23

HPC | 10.0 | 0.85 17.2 20 11.0[241|082| 12358 |0.39|1.03]0.14
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(AVA Simulation Results and Analysis

IVV.1 Engine Thrust And TSFC Performance at Design Point

The first step in the simulation was to determine the bleed air off-take equivalent
power for the bleed extraction cases (cases 1, 3, 5 and 7). After setting each for up to 10
% bleed air fraction from the corresponding compressor exit, the solution yields bleed air
mass flow rate and specific exergy as well as engine performance. The exergy is obtained
by applying Eq. 33; however, some unit manipulations from British unit system to
International unit system were necessary since power extraction from engine shafts is by
default in horsepower. Table IV-1 summarizes equivalent horsepower of bleed air off-
take for cases 1, 3, 5 and 7. The obtained equivalent power is then extracted from engine

shafts to simulate cases 2, 4, 6, and 8.

Table 1V-1. Bleed air off-take cases equivalent extracted horsepower

Equivalent power (hp)

Bleed Fraction Case 1 Case 3 Case 5 Case 7
0.0% 0.00 0.00 0.00 0.00
1.0% 41.65 32.06 41.39 31.85
2.0% 83.16 64.42 81.61 63.96
3.0% 124.27 97.08 121.16 96.14
4.0% 165.26 130.04 159.54 128.58
5.0% 206.10 163.49 197.28 161.07
6.0% 246.58 197.02 233.66 193.79
7.0% 286.71 231.04 269.41 226.54
8.0% 327.01 265.50 304.14 259.31
9.0% 366.72 300.06 337.54 292.31
10.0% 406.14 335.03 369.66 325.49
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Equivalent horsepower of Table IV-1 is plotted against bleed air fraction up to
10% in Figure 1V.1. It can be seen that equivalent power from the HPC exit (case 1 and
5), at both settings of constant fuel flow rate and constant HPT inlet temperature, is
higher than when bleed air is extracted from the LPC exit (case 3 and 7). As can be
inferred from Eq. 38, this is basically due to bleed air mass flow rate since the specific
exergy is the same for both HPC and LPC exit bleed air cases. In fact, when bleed air is
tapped off, the engine inlet swallows a larger air mass flow when done from the HPC exit
rather than from the LPC exit, especially at high bleed air fraction rates. This gives HPC
exit air bleed off-take an advantage over LPC bleed air off take since less bleed air
fraction will be needed to produce the same desired equivalent power. However, this
result is tentative until the impact of air bleed effects on engine performance is shown

later.

E, =1y * &, (38)

Equivalent power values for constant HPT inlet temperature setting cases (case 5
and 7) are less than those for corresponding constant fuel flow setting cases (case 1 and
3). In fact, fixing the HPT inlet temperature to maximum value limits engine

performance.
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Figure 1V.1. Compared bleed air off-take equivalent horsepower for bleed air off
take simulation cases at standard day
For each case, at each bleed air fraction or equivalent power extraction value,
engine performance including thrust, TSFC, T, and other parameters are gathered.
Engine thrust and TSFC values are obtained from the engine performance element (Perf,
see Figure I11.1). Other performance parameters such as T, are obtained from engine
station state parameters. All parameters of concern are gathered together on the same

viewer and presented as in the viewer output file example of %ppendbd-A.

For the results to be more broad and used for comparison with other equivalent
simulations, non dimensional engine performance parameters are given. A coefficient of
equivalent power extraction, CTO, is used to reflect how much power is extracted from
engine in bleed air or in shaft power. Similarly, specific thrust coefficient, S, , is used to

indicate engine non-dimensional thrust performance. Therefore, using CTO and Sg, , a
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fair comparison of other simulation results using different engine sizes, could be very
likely to take place. Results using dimensional parameters for the specific engine of the
current study are presented in Appendix-C as reference. The non-dimensional CTO and

Sk, parameters are defined according to Egs. 39 and 40 respectively.

CTO = Tt (39)
Mme*ho
Sp, = -9 (40)

n T Thorag
The on-design value of the HPT inlet temperature, T, = 2270 R, is used for
simulation cases run at constant T, setting. Although maximum allowable turbine inlet
temperature is greater (T, = 3206 R ), the choice of the constant temperature does not
affect the result trends since cases with the same settings were compared to each other.
Moreover, constant Ty, setting simulation cases were only intended to show the impact of
the maximum allowable HPT inlet temperature on engine performance when bleed air

from compressor exits or power is directly extracted from shafts.

For a standard day, the effect of compressor exits bleed air off-take and equivalent
power extraction from engine shafts on engine performance are plotted against the
coefficient of equivalent power extraction, CTO. At constant fuel flow rate setting, as
illustrated by Figure 1V.2, engine specific thrust performance of HPC exit air bleeding
(casel) is less efficient among all cases. Based on obtained equivalent power of Table
IV-1, HPC exit bleed air was expected to be more efficient than LPC exit air bleed. The

reason is likely to be the cooling bleed air from HPC exit. In fact, at the HPC exit not
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only is power generation bleed air extracted but in addition 15 % of bleed air used for
turbine cooling. While it is true that cooling bleed air is reintroduced into the main
stream, that air could produce much more energy if burned in the combustor, which

would affect the engine cycle and improve engine thrust.

0.62
0.61
0.60
i
2
£ 0.59 \ === HPC bleed air, case 1
%]
f‘é 0.58 - =@—HP shaft power, case 2
& \ LPC bleed air, case 3
0.57

’ \ == LP shaft power, case 4
0.56

0.55 - t - t - t - t - t - !
0.0%  05%  1.0%  15%  2.0%  25%  3.0%
CTO (%)

Figure 1V.2. Specific thrust versus CTO: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft
on a standard day

Based on the results of Figure 1.2, HP shaft power extraction has better specific
thrust than air bleeding from LPC exit or equivalent power extraction from LP shaft
cases. However, the specific thrust results should not be considered alone without taking
into account the inlet mass flow. In fact, according to Eq. 39, thrust is a function of the
inlet mass flow. A look at Figure 1VV.3 shows that engine inlet mass flow percentage
increment, relative to on-design inlet mass flow rate, increases up to 0.5% when bleeding

air from LPC exit, while it decreases down to -2.3%, -2.5% and -4.7% when bleeding air
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from HPC exit, extracting power from HP and LP shafts respectively. Based on that, for
the engine of the current study, at constant fuel flow setting, HP spool shaft power
extraction (case 2) and LPC exit bleed air off-take (case 3) nearly have the same thrust
efficiency at low power extraction levels, when CTO is less than 1% (see Figure C.1;
Appendix-C). However, when coefficient of power extraction is increased above 1%,
bleeding air from LPC exit is more efficient, in terms of thrust, than extracting an
equivalent power from HP spool shaft. In fact, at maximum CTO (2.25%), case 3 is

1.38% more efficient than case 2 in terms of thrust.

The thrust specific fuel consumption, according to Figure 1V.4, follows the same
trends as those of thrust. This is predictable since fuel flow is constant. The effect of the
coefficient of power extraction on the HPT inlet temperature is investigated too. Figure
IV.5 represents the percentage of increment in HPT inlet temperature, relative to T,
value at design point, due to power extraction coefficient up to 2.5%. Obviously, cases 2,
3 and 4 have nearly the same T, value for up to 1.0% of CTO power extraction.
However, when CTO is high enough, case 2 HPT inlet temperature increases by 4%
compared to 2% for cases 3 and 4. Air bleeding from HPC exit case has the highest HPT
turbine inlet temperature reaching about 6.8% at 2.5% CTO power extraction. The
increment in HPT inlet temperature when power is extracted, in bleed air or in shaft
power, could be detrimental to the engine performance in terms of thrust and thrust
specific fuel consumption especially when maximum allowable Ty, is low. This is the
subject of the study of the different cases effect on engine performance at constant HPT
inlet temperature.
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Figure 1V.5. % Tt4 increment versus CTO: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft
on a standard day

At constant temperature setting, the HPT inlet temperature kept constant at on-
design value (T:, = 2770 R) while bleeding air from the LPC or HPC exits, or extracting
equivalent power from the LP or HP spool shafts. According to Figure 1V.6 specific
thrust of cases 6,7 and 8 is nearly the same for up to 1% CTO power extraction. When
maximum allowable T, value is fixed, specific thrust performance degraded (Figure
IV.6), especially for cases where high burner exit temperature were released. In fact,
specific thrust of case 1 decreased from 0.56 to 0.52 at 2.25% CTO power extraction.
This means a loss of about 300 Ibf of thrust for the engine of the current study (see Figure
C.4; Appendix-C). It can be noticed from Figure IV.7, at constant HPT inlet temperature,
that when bleeding air from the LPC, the inlet mass flow approximately maintain the

same value as on-design point. However, cases 5, 6, and 8 have more decrease in inlet
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mass flow than at constant fuel flow setting, reaching -6.75% at 2.5% CTO power

extraction.
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Figure 1V.6. Specific thrust versus CTO: Tt4 = 2770 R, Mach = 0.8, Alt =35 kfton a
standard day
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Figure 1V.7. Inlet mass flow rate increment percentage versus CTO: Tt4 = 2770 R,
Mach = 0.8, Alt = 35 kft on a standard day
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The different simulation cases were also run on a cold day (see Figure B.1 and
B.2; Appendix-B) setting. Qualitatively, engine performance of specific thrust and thrust
specific fuel consumption, of Figures V.9 and V.10 respectively, have the same trends
as for a standard day discussed previously. However, some quantitative results need to be
mentioned. Specific thrust and thrust specific fuel consumption are about 1% more
efficient than for the standard day case. For example, at constant temperature setting, HP
shaft power extraction is more efficient than in standard day for both thrust and thrust

specific fuel consumption.
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All power extraction techniques effects on engine performance were simulated for
a hot day (see Figure B.1 and B.2; Appendix-B) also. The overall trends match with those
obtained for the standard and cold day cases, as depicted by Figures 1V.14-1V.18.
However, in comparison with standard day cases, there is about 2.2% performance
degradation shift in terms of thrust and thrust specific fuel consumption. At constant
temperature setting, HP shaft power extraction is less efficient than in a standard day for

both thrust and thrust specific fuel consumption.
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IVV.2 Engine Performance Sensitivity to Maximum HPT Inlet Temperature

The effect of the maximum allowable HPT inlet temperature on the engine
performance makes necessary the study of the sensitivity of both thrust and thrust
specific fuel consumption to the change of maximum Ty, value. The sensitivity of thrust
and TSFC were obtained by running the different simulation cases at different T, setting
values up to 3206 R. For each T,, value setting, Eqgs. 41 and 42 were used to compute

sensitivities of thrust and thrust specific fuel consumption respectively.

SF _ Fn_Fn|Design (41)

Tta—Tta |Design

TSFC—TSFClpesign
Stsrc = T Tl IDoer (42)
ta— talDesign
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The overall sensitivity of thrust and thrust specific fuel consumption is the
average of sensitivities obtained at each value of constant HPT inlet temperature setting.
Thrust and TSFC overall sensitivities are plotted against coefficient of power extraction,
CTO, as depicted by Figures 1V.19 and V.20 respectively. For the region of CTO values
where simulation cases curves are above sensitivity zero line, available thrust is higher
than at the design point. On the bottom side of the Figure V.19, thrust is less than that at
the design point. Also, the sooner a case curve crosses the sensitivity zero line, the worst
are the chances to extract power without deteriorating engine thrust performance. The
higher the thrust sensitivity curve is, the better the thrust engine performance will be
when HPT maximum allowable inlet temperature is raised. Based on that, bleeding air
from HPC exit (case 1 or 5) would be the worst case. HP shaft power extraction looks the
best although having comparable sensitivity with LP shaft power extraction or air

bleeding from LPC exit.
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Figure 1V.19. Thrust sensitivity to Tt4: Mach = 0.8, Alt = 35 kft on a standard day
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For thrust specific fuel consumption sensitivity curves of Figure 1V.20, the lower
the sensitivity curve is placed to the bottom, the better that is for the engine performance.
In fact, that means that thrust specific fuel consumption is less affected when HPT inlet
temperature is changed and required power extraction is increased. Obviously, bleeding
air from LPC exit or extracting equivalent power from HP spool shaft are the most

promising power extraction techniques for better fuel consumption.

7.E-04
6.E-04
5.E-04
g 4.8-04 == HPC bleed air
[
v 3.E-04 == HP shaft power
LPC bleed air
2.E-04
—fli—LP shaft power
1.E-04
0.E+00 . t - t - t - t - t - {

0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0%

CTO (%)

Figure 1V.20. TSFC sensitivity to Tt4: Mach = 0.8, Alt = 35 kft on a standard day

It was obvious from previous analysis of engine performance in terms of thrust,
thrust specific fuel consumption and HPT inlet temperature that bleeding air from HPC
exit is the worst case scenario technique that could be used. However, it is hard to be
decisive on which technique is the most efficient among LPC ( case 3 or 7) exit air off-

take, LP shaft power extraction (case 4 or 8) and HP (case 2 or 6) shaft power extraction.
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In fact, from cases simulated at constant fuel flow, cases 2 and 4 are of comparable
efficiency at lower power extraction levels ( less than 150 kW or CTO less than 1.25 % )
and case 4 is better for higher power extraction levels. Power extraction from LP spool
was shown to be less efficient than cases 2 and 3. However, when power extraction
techniques were simulated at constant T, setting, case 8 effect on engine performance

turned to approach those of cases 6 and 7.

For that reason, engine thrust is kept the same for all power extraction techniques
(air bleeding and power extraction cases) and thrust specific fuel consumption and HPT
inlet temperature are compared. Thrust specific fuel consumption and HPT inlet
temperature are plotted against the coefficient of power extraction as shown in Figures
IV.19 and V.20 respectively. Obviously, LPC air bleeding, LP shaft power extraction
and HP shaft power extraction are comparable with same TSFC efficiency, while LPC air
bleeding case is slightly better. However, for a required thrust, power extraction from HP
spool shaft has higher HPT inlet temperature than when bleed air is tapped off LPC exit

or an equivalent power is extracted from LP spool shaft.
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1.3 Study of The Sensitivity of The engine Performance Trends to the
Altitude Change

The results obtained previously were done at cruise condition design point with a
Mach number of 0.8 and an altitude of 35,000 ft. These flight conditions represent the
typical commercial aircraft cruise conditions where most of the fuel consumption
reduction should be done. However, effect of air bleeding from the LPC and HPC exits or
power extraction from The LP and HP spool shafts on engine performance, for different
flight condition altitudes is simulated. Thrust specific fuel consumption trends of Figures
V.23 (altitude = 20,000) and 1V.24 (altitude = 10,000) as well as HPT inlet temperature
of Figures 1V.2 (altitude = 20,000) and 1V.26 (altitude = 10,000) are nearly the same as
those obtained for 35,000 of altitude. Therefore, this suggest that results obtained

previously are independent of engine size as well as the flight altitude.
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Figure 1V.23. TSFC versus CTO: Mach = 0.8, Alt = 20 kft on a standard day
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Figure 1V.24. TSFC versus CTO: Mach = 0.8, Alt = 10 kft on a standard day
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standard day
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IVV.4 Engine Turbomachinery Components Performance

Operational lines for fan, low and high pressure compressors were obtained by
running all the cases and gathering the values of efficiency, pressure ratio, and corrected
mass flow parameters. These parameters are plotted on the corresponding scaled
compressor map. Efficiency contour plots were not ploted within the map as data was
presented in a table form which was difficult to plot in the form of contour plots,
However, compressor adiabatic efficiency variation due to power extraction are given in

Appendix-C.

As depicted by Figures IV.27 to 1V.30, the corrected speeds of the fan and the low
pressure compressor decrease when bleeding air from HP or LP compressors, or an
equivalent power is extracted from engine shafts, and at both settings of constant fuel
flow rate and constant high pressure inlet temperature. In fact, fan and LPC corrected
speeds more when bleeding air from the HPC exit or equivalent power is extracted from
the LP spool shaft than when air bleeding from the LPC exit or equivalent power is
extracted from the HP spool shaft. In fact, corrected speed of the fan and the LPC
decreases by about 0.5% for cases 2 and 3, and 2% for cases 1 and 4, for each 1% CTO
power extraction. However, at constant HPT inlet temperature setting as depicted by
Figures 1V.29 and 1V.30, the LP spool shaft corrected speed decreases faster than at
constant fuel flow setting. Therefore, apparently all power extraction techniques cause

no problem for LP shaft functioning.
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Figure 1V.28. LPC operating lines: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on a
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Figure 1V.29. Fan operating lines: Tt4 = 2770 R, Mach = 0.8, Alt =35 kftton a
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As depicted by the HPC operating lines shown in Figures 1V.31 and 1V.32, the
corrected speed of the high pressure compressor increases when bleeding air from LPC
exit or extracting power from the low pressure spool shaft at both settings of constant fuel
flow and constant HPT inlet temperature. However, it is obvious that HP spool corrected
speed is more sensitive for power extraction from the LP spool shaft (cases 4 and 8)
rather than bleeding air from LPC exit (cases 3 and 7). In fact, HP shaft corrected speed
increases by about 0.1% for cases 3 and 7, and 0.15% for cases 4 and 8, for each 1%
CTO power extraction. The HPC corrected speed is nearly constant when bleeding air
from the HPC, however it decreases by about 0.95% for each 1% CTO power extraction
when power is extracted from the HP spool shaft. Consequently, there should be no
problem, when bleeding air from the HPC exit or extracting equivalent power from HP
spool shaft, on the HP shaft behavior. Contrarily, depending on the HP shaft rotational
speed limit, it could be a problem when bleeding air from LPC exit or extracting
equivalent power from the LP spool, especially when higher power extractions are

needed and engine is run at high throttle settings.
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Figure 1V.31. HPC operating lines : mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on a
standard day
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Figure 1V.32. HPC operating lines : Tt4 = 2770 R, Mach = 0.8, Alt =35 kfton a
standard day
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IVV.5 AEDsys simulation results

It is always good to verify simulation against available experimental results.
However, with unavailability of experimental result, using a second tool method
simulation is an adequate way to verify results. For that reason, the Aircraft Engine
Design system code (AEDsys) is used to run power extraction technique cases previously
run using NPSS simulation environment. For AEDsys, bleed air extraction is only
possible from high pressure compressor exit. Therefore, only three power extraction
techniques will be simulated within AEDsys which are HPC air bleeding, LP spool shaft
power extraction and HP spool shaft power extraction. The engine model design

parameters are implemented within AEDsys as illustrated by Figure 1V.33.

At both simulation settings of constant fuel flow and constant HPT inlet
temperature, LP shaft power extraction and HP shaft power extraction are more efficient
in terms of thrust than bleed equivalent amount of air at the HPC exit. This confirms
results obtained within NPSS that air bleed off-take is the worst case scenario to extract

energy from the engine .
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Figure 1V.33. AEDsys engine model in ONX
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35 kft on a standard day

66




1900
1850
o \
1750

\ —o—HPC bleed air. Case 5
1700 \ == HP shaft power, case 6
1650 \ == LP shaft power, case 8
1600

1550 L
0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0%

CTO (%)

Thrsut (lbf)

Figure 1V.35. Thrust versus CTO using AEDsys : Tt4 = 2770 R, Mach = 0.8, Alt =35
kft on a standard day
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V. Conclusion and Recommendations

V.1 Findings and Results

This works objective was to understand the impact of the different techniques of
power extraction from a high bypass air breathing engine and determine which technique
is more efficient in terms of thrust and thrust specific fuel consumption. For the
simulation, engine was modeled using the Numerical Propulsion System Simulation code

(NPSS).

Basically, four cases were simulated. The first case was to bleed air at the high
pressure compressor exit with a fraction of 1 to 10 % of the main stream. The second case
was to extract equivalent power from the high pressure spool shaft. The third case was
bleeding air at the low pressure compressor exit with a fraction of 1 to 10 % of the main
stream. The last case was to extract equivalent power from the low pressure spool shaft.
Two engine simulation settings are used for each case: constant fuel flow and constant
high pressure turbine inlet temperature settings. The engine simulation was run at cruise

flight condition with a Mach number of 0.8 and an altitude of 35,000 feet.

Simulation results showed that, while bleeding air from high pressure compressor
exit is the worst case scenario that can be used for power generation, air bleeding from
the low pressure compressor, extracting equivalent power from high or low spool shafts
are the most efficient techniques for power extraction in terms of fuel saving. Although,
when extracting power from the HP spool shaft, HPT inlet temperature was higher than

for the other two cases (LPC bleeding and LP shaft power cases), it was not high enough
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to cause a big problem. Actually, T;, increased by only 50 R at the maximum power
extraction coefficient, CTO, when power is extracted from the HP spool shaft. Moreover,
HP shaft power extraction and LPC exit air bleed showed to have the best efficiency in
the terms of sensitivity to HPT maximum allowable inlet temperature with HP power

extraction being slightly better.

Engine turbomachinery components performance was investigated too. Fan, low
pressure compressor and high pressure compressor operating lines were plotted on
corresponding maps. The results suggest that there should be no problem using any of the
simulated power extraction techniques on the LP spool shaft maximum speed limit.
However, it was shown that bleeding air from the HPC or extracting equivalent power
from the LP spool shaft could be a problem regarding rotation speed especially at high

power extraction coefficient and high engine throttle settings.

V.2 Recommendations and Future Work

In this research air bleeding from both HPC and LPC exits, bleed air ducts
pressure drops were not modeled. In fact, pressure losses that could happen within the
bleeding duct could it required more bleed air to fulfill subsystems power requirements
and this could be increasingly worse for the engine performance. Similarly, during
equivalent power extraction from the LP spool shaft as well as from HP spool shaft, I did
not model losses due to power generation gears and efficiency to transform mechanical
work into electricity. Therefore, it is recommended for future work to take that into

account. | would also recommend to simulate a full typical commercial aircraft mission
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using one of the power extraction techniques at a time. Aircraft mission can be modeled
on Matlab and wrapped up to NPSS. However, | would recommend to model the whole
thing in NPSS. On one hand, NPSS gives necessary tools to do that, and on the other

hand it is easier to control the simulation accuracy within NPSS than using another code.
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Appendix-A

Engine Model File

S ——
'y FANJET ENGINE |
£

rr File Hams: fanjet.mdl |
s Verzion: z2.0 |
oy Date(s): 11 November 1558 |
i 5 Dec Z00&8 - RRP557]1 standard nomenclature |
oy Modified By: l1st Lieutenant Anis Faidi/Rir Force Institute of |
i Technology on July 2012 |
£

s This fan jet model has been developed to use as example in User

s Guide document. Model uses E3 compresscr and turbine maps.

LUTHOR = " ";
HMODELNAME = "fanjet";
atring Model ID = "fanjet for documentation example";

Element Embient Amb {
switchMode = "ALDTHN";

alt_in = 25000.;
dTs_in = 0.;
MM in = 0_&;

} // END Rmb
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Element Splitter SpltFan {

BPRdes = = ;
} // END SpltFan

Element Compressor CmpFSec |

finclude "fanE3 msp™;
5 map.PRdes = 1.5;
S_map.effles= 0.2

S _map . RlimeMap = 2 _0;
S_map.NMNcDes = 1.0;
A/8h_ O inertia = 10_;

} //END CmpFSec

Element Duct Dfan {
} 7/ EMD FanDuct

Element Bleed BFanlB {
BleedfutPort BFanCB |

hscale 1.0

Escale =

fracW = .00;

A 3lugs—£fe**Z._
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Element Mozzle MozSec {
PsExhName = "Amb . Fs";
} //END MozSec

Element Compresscr Copl {

$include "1pcE3 _map™;

InterStageBleedCutPort Bldlout{
fracBldW=0.0
fracBldP=1 _0;
fracBldWork=1_0;

}

5 map.PRdes = 2

S5 _map.effDes= 0_E

S_map.RlineMap = Z.0;

S map.MNcDes = 1.0;

A8 O inertia = 10.; £ alugs—£e**2 .
} //END CmpL

Element Duct DOZ5{
switchDP="
dPgP_in=

S/mumBakes=l1;

} 7/ END DOZ5
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Element Compressor CmpH {
finclude "hpcE3 _map";

InterStageBleedCutPort Bldlout{
fracBldW=0.0;
fracBldP=1 0O;
fracBldWork=1.0;

}

S /Commemt out this Subelement to run the CER thermo package
Subelement ThermalMass 5_Qhx {
Lhy = 2574
CpMat = 1.0;
Chules =
massizat =
wtdlwvg_Fl = 5

5 _map.PRdes = 10.0;
5_map.effDes= O
5 _map.RlineMap =

5_map.NecDes = 1 0;
ff8h_O.inertia = 10.; ff slugs—-ft**Z.
} //END CmpH

Element FuelStart FusEng {

hFuel = 182.7175;
} 7/ END FusEng
T
rri Burner BrnPri
e

Element Burmer BrmnPri |
dPgP_dmd = 0.
effBase = 0.

switchHotLoss = "input";
switchBurn = "FUEL";
Wfuel = .35;
tolBayleigh = 0.0

} 7/ END BrnPri
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Element Bleed BO41 |

Element Turkine TrkH {
finclude "hptE3.map";
S5_msp.parmMaples = 4.5
8 map.parmNeDes = 100_0;
5_map.effDes = 0.E55;
f/Commemt out this Subelement to rumn the CER thermo package
Subelement ThermalMass 5_Qhx {
Lhx = 2574 _35;
CpMat =
ChxDes
mzssMat ;
wtdlwvg_Fl = 5;

} //END TrbH

Element Duct D043 {
switchDPE = "INEUT";
wvoid preexecute () {
dPgP_din = 0 25 * F1_T MN * F1_I MN;:
1
F1 I MNdes = 0 _4;
} //END D043
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Element Turkine TrkL |

finclude "1ptE3 _ msp™;
5_map.parmMapDes = 4_271;
S_map.parmicDes = 100.0;

5_map.effDes =
} //EHND TrbL

Element Bleed BO45 {

Element Nozzle NozPri [
EsExhName = "Emb F

} //EHD NozPri

Element FlowEnd FePri |

Element FlowEnd FeSec {

Elemsnt FlowEnd FeFanlCB {
}
Element FlowEnd FelH{

Elemsnt FlowEnd FelL{
}
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Element Shaft ShH {

£/ HMechanical Ports. These are crested as needed on the shaft.

ShaftInputPort MeCmpH, MeTrbH:
Nmech = 2537.43;
inertia =

} S F/END ShH

FF30. 1bm-ft2;

Element Shaft ShL {
ShaftInputPort MeCmpFSec, MeCmpL, MeTrbL:
Mmech = 2437 .40
inertia = Z_T73513; FFfBE. 1bm-£ftZ;

} f/END ShL

i PerfiNASA Perf

Element EngPerf Perf |
} //END Perf

Element Cycle Cycle {
EFR_numiName = "CmpH.F1_0O";
EPR_denName = "InZng.Fl 0";
FPR numName = "CopFiec.FLl
FPR_denWName = "InEng. F1_0O";

} //EHND Cycle

$include "controls.cmp"
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linkPorts({ "InletStart.Fl_0Q",

linkPorts({ "InEng.F1l_0O",

f/ Primary section
linkPorts( "SplcFan.F1_OL",
linkPorts{ "CmpL.F1 O",
linkPorts{ "BOZ5.F1 O,
linkPorts({ "DOZ5_F1 O,
linkPorts({ "CmpH.F1_0O",
linkPorts( "FusEng.Fu_O",

"InEng.Fl I",
"SpltFan F1_I",

"CmpL.Fl_I",
"BOZE_Fl I",
"DOZS.Fl_I™,
"CmpH_F1_I",
"BrnPri.F1_I",
"BrnDri Fu_I",

Sf Primary Hot Section Connect Statements:

linkPorts( "BrnPri F1_0OF,
linkPorts({ "BO41.F1_O",
linkPorts{ "TrbH.F1 0",
linkPorts{ "BO42.F1_O",
linkPorts{ "DO043.F1 O",
linkPorts({ "TrbL.F1 O",
linkPorts({ "BO45.F1_O"
linkPorts( "HeozDri F1_0O",
f/ Fan duct section:
linkPorts( "SpltFan. F1_0zZ",
linkPorts{ "CmpFSec.Fl_O",
linkPorts{ "BOZ5in.F1l
linkPorts{ "Dfan.F1_0O",
linkPorts{ "BF=nOB.F1_O",
linkPorta{ "HozSec.F1l "

e —

i Bleed Connections

"BO41 _F1_1I",
"TrBH.F1_I",
"BO42_F1_I",
"DO43 . F1_I",
"TreL.F1_I",
"BO45_F1_I",
"MozPri.F1_I",
"FePri F1_TI",

"CmpFSec.F1_I",
"B025in.F1_I",
"Dfan.F1_I",
"BFanOB.F1 I",
"MozSec.F1_1I",
"FefSec.F1 I™,

f/ Component to Component Bleed

linkBleedCT{ "CmpH", "TzkH",
linkBleedCB({ "CmpH",K "BO4Z"™,
linkBleedCB({ "CmpH", "BO43",

linkBleedBB({ "BOZS",  "BOZ5in",

S fOverboard bleed

linkPorta{ "BFanlBE.BFznCB",
linkPorta{ "CmpH.Bldlout™,
linkPorta{ "CmpL.Bldlout™,

I ——

linkPorts{ "CmpL.Sh_O",
linkPorta({ "CmpFSec.Sh O",
linkPorts{ "TrkL.3h_O" B
linkPorts({ "CmpH.Sh O",
linkPorts{ "TrkH.3h_O",

"FeFanCB.F1_I",
"FelH.F1_I",
"FellL.F1_I",

"ShL.MeCmpL",
"Shl_MeCmpFSec”,
"ShL.MeTrbL",
"ShH MaCmpH",
"ShH.MeTrbH",
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"FO" Vi
"FOLR" 3 ;
"FOZS" B ;

"FOZEL" ) ;
"FOZ5Z" 3 ;

"FO253" };

"FO3" ) ;
"EU03E™ 3 ;
"FO41" 3 ;
"FO4la" ) ;
"F042" 3 ;
"F043" 3 ;
"F044" 3 ;
"FO45" 3 ;
"FOT" );
"FO3" 3 ;
"F1Z" 3 ;
"F11" ) ;
"F1E" b ;
"F1E5" 3 ;
"FLT" B ;
"F13" 3 ;

., 0, "calHET™ );
"oz ZHET™ ) ;
"c=23HET" ) ;
"surge" });

"FLlega") ;
"FL31™) :
"FLZ51") ;

"MeCmpL™ ) ;
"MeCmpEFSec™ ) ;
"HeTrbkL"™ ) ;
"MeCmpH" ) ;
"HeTrbH" ) ;



2.

Engine Run File

JF/HL Bypass Fanjet model
S fCreated: 7/2000
FiModeified July 2012/1st lieutenant Znis Faidi AFIT/ENY

$ifndef THERMO
fdefine THEBRMO GasTbl
fendif

/52t the thermo package
setThermoPackage ("$THERMO™) ;

ffdefault includes
finclude "masa.view"™ Sidefault page viewer

finclude "bleed macros.fnc™ fibleed macros

FAlocal includes

finclude "Transient.view"™ Slitransient viewer
#include "myViewer wiew"

S/model file

tinclude "fanjet.mdl™

f/Set the day type

FFAmb . awitchDay="58TD"; // default
S BAmb . switchDay="COLD"™;
FFAmb . awitchDay="HOT";

f/Throtlle setting
COMTROL . BLRCS=50_0;

S focase input files
finclude "desSstd.czse"
Sr/Einclude "desScold.case™
S/Einclude "desfhot.case™

Engine Control File
ffeclass Control extends Element { }

f/Element Control CONTROL {
Element COMTROL {
S/ Varisbles and limits
real PLACS, T1ACS, T25CS, P1ACS, P25CS, BS3CS, T41CS, B7CS,

real T41H =
rezl WFEL =
real PCHNHR = 10
rezl PCHHH = 10

real BCNHRH, XN25CS, EBCNHRS, EECNHR, XNDHE, EPCNHH, EENHERH,
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ET41

-

-

WE3e(Cs, TH1AR

ERR1,

WFED;



real ENHED = 13000;

S Frame rate

real dtime = .05;

J/ Execute time

rezl execTime = O

rezl TSID = Slc.27;

vold variebleChanged(string name, string wvalue) {
f/ do nothing...

}

Option switchDes {
zllowedValues = {

value =

Option solutionMode {

allowedValues

"STEADY STATE"™,

wvalue = "STER
}
S/ Get data from engine to control
vold mapIn() {

HM25C5 = ShL.Nmech;

T1aCS = FO.Tt;

TZ5CS = FO1A.Tt;

PlRCS = FO.Pt;

PZ5CS = FO1RA.Pt;

D53Cs = FO3.P=;

T41C5 = F041.Tto;

B7CS = FO7.Pt;

T7CS F07.Tt;

WE3eC5 = FusEng. Wiuel;

}
S/ Get data from control to engine

void maplut{) {
if { scluticnMode — "TR

ENT™ ) { BranPri Wfuel = WFED * BranPri Wfuel;}

woid calculatel) {
ffateady state mode
if { solutionMode = "3
mapIn() ;
steadyState ()
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{4/ Steady state
fF Schedule fuel flow based on limits (from GE)
| woid steadyState() {

TH1& = T1RCS / TISTID:

| if { switchDes = v
HNDHE = HMNZ3C5/ sgreo{ THI1R ) ;
}
¢ Caleulate corrected speed
TH12 = T1ACS / TSTID;
BCWHES = 100 * XKNZ5CS / sgro{ TH12 )/ EMNDHE;

J¢ Bead demand fan speed from ELA
DCHHR = PC SEED({ PLRCS };

£ Calculate error between demand fan speed mand sensed fan apeed
EDCHHR = ( PCNHR - DCMNHRS )/ 100

/4 Check max corrected fan speed limit
EPCNHEH = ( PCNHH - BCNHRS )/ 1005
| if { EPCWHR > EBCWNHH ) {
EPCHNHE = EPCNHH:

J{ Check max corrected fan speed as a function of physical speed
DCWHEH = PCHNHH * HMHRD / sgrec{ THI1R )/ XHMDHE:
EPNHEH = { BCNHEH - BCNHRS )/ 1005
| if ( EPCNHERE > EPNHEH ) {
EPCHNHE = EPNHREH;
}
F¢ Calculaste error due to T4l max
ET41 = { T41H - T41CS )/ T41H:

ERR1 = EEBCHNHE;

if { EPCHHER > ET41 ) {
ERR1 = ET41;

S/ Discrete calecs (done once per time step)
int runDiscreteCalcs({ real time, real nextCalcTime )} {

if ( abs { nextCalcTime - execTime ) > 000001 § {
return FALSE;
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/f Check steasdy-stzte limits
steadyState ()

real step = min({ abks{ ERR1 },
WEED = ( 1 + ERR1 / abs ({ ERR1 )} * step );

{7/ Map data from controcl to engine

mapCut () ;

return TRUE;

JS4 Schedule of comp speed ws power code
Tzble BC SEED( real PL ) {
PL = { )

F¢ Calculastions perfocrmed azfter the cycle converges
wvoid updateHistory( ) |

if { zbs { time - execTime )} > 000001 ) |
return;

S/ Determine the next time this executes
execTime = execTime + dtime;
A7 Get the data from the engine to the control
mapIn();

JY Inmtizlize

void initislizeHistory() {
execTime = time + dtime;

£/ Get the data from the engine to the control
mapIn () ;

/£ Tell the system at what time this thing neesds to run
real nextExecTime({ real currentNextTime ) {

return execTime;

4. HPC Exit Bleed Air Off-take Case File
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ffoout << "Imput File List wn'\n" << inputFilelist << endl;

/f Pun = design case

cout << running starting
cout<<endl ;

getOption{ "switchDes", "DESIGH" )

autoSclverSetup() 5

cout << "

\n"

cout << "% e gl Dependents
solver debuglewvel = "MATRTH DETATLS";
solver.diagnosticFile = "solverDes.out™;
CRSE = CASE + 1:

run{} ;

EngResultsBow.update(} ;
nepView.display() ;

getOption({ "switchDes"™, "OFFDESIGH" ),

sutoSolverSetup() ;

",

cout << "“n'nDesign independents:'n" << soclver.independentMNames<<endl;

cout €< " Design Dependents
solver. debuglevel = "MATEIX

solver.diagnosticFile =

"

-out

solver maxlterations =
solver.maxJacobians =

CASE = CASE + 1;
CmpH.Bldlout.fracBldW =0
cout €< " cBldW =1%,

="<<Perf SFC<<endl;

runi} ;
EngResultsRow.update () ;
nepView.display() ;

cout<<"InEng.Fl I.V = "<<InEng.Fl I.V<<endl;
cout<<"InEng.Fl_I.MN = "<<InEng.Fl_ I.MN<<endl;

CRSE = CASE + 1;

="£<{Perf SFC<<endl;

cout <<

EngResultsRow.update () ;
nepView. display() ;

CREE = CRSE + 1;
CmpH.Bldlout . fracBldW =0_0
cout << "fracBldW =3%, S5FC ="<<Perf. SFC<<endl;
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<< solwver dependentNames<<endl;

<< solver. dependentMNames<<endl;
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runi);
EngHResultcsRow. update() ;
nepView.display ()

CRSE = CARSE + 1:
CmpH.Bldlout . fracBldW
cout €< U5

"£<Perf SFC<<endl;

run () ;
EngResultsRow.update(};
ncpView.display ()

CASE = CASE + 1;

CmpH_Bldlout . fracBldW =0_05;

cout << "frzcBldW =5%, SEFC ="<<Perf.SFC<<endl;
runi) ;

EngResultsRow.update () ;

nepView.display () ;

CLSE = CRSE + 1,
CopH.Bldlout.fracBldW
cout << " BldW =&%

"£<Parf SFC<<endl;

runi} ;
EngResultsBow.update () ;
nepView. display () ;

CLSE = CRSE + 1;
CorpH.Bldlout.fracBldd =0.07;
cout << " =7%, SFC ="<<Perf 5SFC<<endl;

runij ;
EngResultsRow.update () ;
nepView.display () 5

CASE = CASE + 1;
CompH.Bldlout.fracBldW
cout << " Bl =
runi)

%

8%,

<<Perf.SFC<<endl;

EngResultsBow. update () ;
nepView.display () ;

CASE = CASE + 1;
CmpH.Bldlout . fracBldW
cout << "frac %

runi) ;

=9% "g<LPerf .  SFC<<endl ;
EngResultsRow. update () ;
nepView. display() ;

CRASE = CRSE + 1;
CmpH .Bldlout . fracBldW =0_10;
cout << " W =10 SEC ="<<Perf.SFC<<endl;

runi) ;
EngResultsBow.update () ;
nepView displayi) ;
EngResultsBow.display({};
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ffset the transient mode runing

setOption ("sclutionMode™  "TRRANSIENT") ;

r

transient.stopTime =

B

transient.baseTimeStep = .05;
CONTROL. PLACS = 50;
postsolverSequence = { "transientTrace"};

run{} ;

transientTrace.display ()

cout << Design case running finishing=
cout <<endl;

Viewer File

#/ File: EngResultsRow.view

S f Create an output sStream named o2_EngResultsRowW

|OutFilEStrEam,Gs_EngREsultsRnw 1
F4 HName of the output file that is created by this out stream
filename = "caseB0ut™; // sent results to the command prompt
S iffilename = "EngResults.oxt™;
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// Create the Case Row Viewer named EngResultsRow
DataViewer CaseRowViewer EngResultsRow {

S/ Bpecifv the OutFileStream obiject to use for this wviewer
outStreamHandle = "os_EngResultsRow";

// Set the default number format for real and scientific notation
defRealFormat = "272327327,2323220;

defSNFormat = MRPLPPRIIIERRR;

f/ List the variables that you want to print to the output file
wvariablelist = {

//Engine Performance Obtaining

"Perf.Fn 1 ?????7=Fn",
"Perf.5FC : ?7?7?77?.2?2?=I5FC",
"FO04la.Tt =@ 222227272=Tt4",
"FLZ51.W @ ?????7.7?7?9=Fl251",

"FL251.getExergy (FL251.Pt,FL251.Tt) : 2?2227, ??=LExergy",
"InEng.Fl T.W:??2?2.222=Wo",

"InEng.Fl I.ht:??7?.222=hao",

"Perf.Fram : ???7???=Fram",

"Perf.Fg : ?????7?=Fg",

"Perf.Wfuel : ?27???2727=Wfuel",

"FL31.W @ ??7??772.???=FL31",
"FL31l.getExergy (FL31.PL, FL31.Tt) : 2?2?2277, ??=HExergy",

// Engine Shafrt Torques Monitoring

"ShH.trgln : ?22?72272.7272",
"ShH.trgOut @ 2?72?222.2%? ",
"ShL.trgln @ 2222%2.2% ",

"ShL.trglut : ??27227.92 "
"CopL.effPoly:?.2772",
"CopH.effPoly:2.272",
"CopH.effPoly:?.2722",
"TrbH.effPoly:?.2?2",
"TrbL.effPoly:?.2722",

"FO1A.W @ P?RPRPRP=WO",
"Fl2.W @ ?????7?=Wfan",
"FO25.W : ??7?27?7?7=Wcore",
"FO253.W : ???97?77=Whpc",
"FO25.W : ???PI??=Wlpc”,
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"FO1A.W
"F12.W
"FO25.W
"FO253.W
"FO025.W

// Engine Operating Lines Obtaining parameters
"CopFSec.Wo: 222, 222=FHc"™,
"CnpFSec.PR: 2?27, 222=FPR",
"CopL.Wc: 2?27, 2?2 ?=LWc",
"CopL.PR: 2727, ?7?=LER",
"CmpH.Wc: 2?2?27, ?22?=HWc",
"CmpH.PR:??7.???=HPR",
"CmpFSec.eff: 2?2722, 27 7?=FHc",
"CopL.eff: 227, 222=LWc",
"CmpH.ef£f: 2?7, ??22?=HPR",
"FO041la.Tt @ 2222222=Tt4",
"Perf.Wfael : ??2722?2?=Wfuel",

// Engine Surge Margins Parametrs Cktaining
"CmpFSec.5_map.S5_eff.PRmapSMN:??7?.2?2?=FPR_SHMN",
"CmpFS5ec.5 map.5 eff.PRmapSMW:?7?7.7727?=FFR_SMW",
"CmpFS5ec.5 map.S5 eff.WcMapSMN:?7??27.7727?=FWc_SHN",
"CmpFS5ec.5 map.5 eff.WcMapSMW:?7??7.727?=FWc_SHW",
"CmpL.5 map.S5 eff.PRmapSHMN:?27?._ ?2?=LPR_SHN",
"CopL.5 map.S5 eff.PRmapS5MW:?27.?2?=LPR_SHW",
"CompL.5 map.5 eff.WcHMapSMN:??27?.7?2?=LWc_SMN",
"CompL.5 map.5 eff.WcMapSMW:??7?.7?2?=LWc_SMW",
"CopH.5_map.5_eff.PRmapSMN: 2?27, 2272=HPR_SHN",
"CopH.5_map.S5_eff.PRmapSMW:?77.?727?=HPR_SHW",
"CmpH.5_map.S5_eff.WcMapS5MIN: ?27. 22 2=HWc_SHN",
"CmpH.5 map.5 eff.WcMapSMW:?7?7.?7?7?=HWc_SMW",
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//Engine Operating Condition Monitoring
E.a-_:_r” .
RMO™ ,

"Amby . switchDay
"THERMPRCER

"CONTROL. ? Lacsn
"FL166.W : ?=Fll&&",
"FL31.W
"ShH.HPX
"S5hl..HPX
}
titleBody = "";

titleVars = {};
// Print the Case in the file header

caseHeaderBody = "Case ?777"; f/ Case header title to display
caseHeaderVars = {"CLSE"}: // Rctual case number

pageWidth = 10000;

pageHeight = 10000, ;

6. User Function File
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// File name: EnginePerf.fnc

void EngineEnv(real MN, real startiflt, real endalt, real numPts){
// this function searches for baseline engine envelope
numPts = max(numPt=s,’);
real altStep = {endAlt-starthAlt)/(numPts-1);
real Alt = startllc:
Amb .MM in= MN:
Emb.alt in=Rlt;
CLSE +=1:
run() ;
nepView.display () :
baselinePerf.update () ;

int i=1;//declare integer used for counting
do {

CALSE +=1;

i+=1;// increment the counter

Blt=Alt+altStep://calculate the next zltitude number
Bmh.alt_in=A1t:ff5et the next altitude point
run():// run the model

nepView.display ()

baselinePerf.update () ;

} while(solver.converged=—TRUE && i<numPts) ;
cout<<"Done"<<endl ;

cout<<"numP ts="<<numPt s<<endl ;

cout<<"i="<<i<<endl ;

vold Fn_TSFC_Hooks (real Alt, real startMN, real endMN, real numPts){
J/This function run max Thrsut,TSFC and mass flow for different flight conditions
numPts = max(numPt=s,l) !
real MHNstep = (endMN-startMN)/(numPts-1);
real MN = startMM;
Amb .MM in= MN:
Amb.alt_in=RAlt;
CLSE +=1:

CONTROL . PLACS=:0.0;
CASE +=1;

CCNTROL.PLACS=:50.0;

run() ;

nepView.displav() ;

baselinePerf.update()

int i=1;//declare integer used for counting
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CLSE +=1;

i+=1;// increment the counter
MN=MN+MN=tep://calculate the next zltitude number
nmb.HN_in=HN;ff5et the next altitude point

run{) ;// run the model

nepView.display() :

baselinePerf.update() ;

} while(solver.converged=—TRUE && i<numPts);
cout<<"Done"<<endl ;

|void ThrottleHooks(real Alt,real MN){
/f This function runs engine throttle hooks
Amb . MN_ in= MN:
Amb.alt_in=Alt;
CONTROL.PLACS=20.0;
CRSE +=1;
run () ;
nepView.display() !
baselinePerf.update () ;

do {

CONTROL. PLACS+=5;
run() ;// run the model
ncpView.display() :
baselinePerf.update();

} while(solver.converged—TRUE && CONTROL.PLACS<S1.C

cout<<"Done"<<endl ;
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Appendix-B

Non-Standard Atmospheres, US Units
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Figure B.1. MIL-STD-210A day type definition: US unit system
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Appendix-C
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Figure C.1. Thrust versus exergy: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on
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I
N
[}

o
N
N

0.72

TSFC (Ibm/hr.Ibf)

o
N

0.68

0.66

=—HPC bleed air, case 1

=—8—HP shaft power, case 2
=== LPC bleed air, case 3
== LP shaft power, case 4

50

100

150 200 250 300 350
Exergy (kW)

Figure C.2. TSFC versus exergy: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on

standard day
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Figure C.3. Thrust versus exergy: Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on
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Figure C.4. TSFC versus exergy: Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on standard
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Figure C.5. Tt4 versus exergy: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on standard

day
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Figure C.6. Thrust versus exergy: mf = 0.35 lbm/s, Mach = 0.8, Alt = 35 kft on cold
day
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Figure C.8. Thrust versus exergy: Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on cold day
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Figure C.9. TSFC versus exergy: Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on cold day
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Figure C.10. Tt4 versus exergy: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on cold
day
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Figure C.11. Thrust versus exergy: mf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on hot
day
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Figure C.12. TSFC versus exergy: mf = 0.35 lbm/s, Mach = 0.8, Alt = 35 kft on hot
day
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Figure C.13. Thrust versus exergy: Tt4 = 2770 R, Mach = 0.8, Alt = 35 kft on hot

day
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Figure C.14. TSFC versus exergy: Tt4 = 2770 R, Mach = 0.8, Alt = 35 kft on hot day
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Figure C.15. Tt4 versus exergy: wf = 0.35 Ibm/s, Mach = 0.8, Alt = 35 kft on hot day
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Figure C.19. Fan operating : Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on cold day
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Figure C.20. LPC operating lines Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on cold day
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Figure C.25. Fan operating lines : Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on hot day
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Figure C.26. LPC operating lines :Tt4 = 2270 R, Mach = 0.8, Alt = 35 kft on hot day
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