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The trend towards More-Electric Aircraft (MEA) and the introduction of new system tech-
nologies lead to considerable changes at the system level of commercial transport aircraft.
Because the number of systems and power requirements are increasing, the consideration and
integration of aircraft systems in early aircraft design phases is important. The objective of
this contribution is to develop a characteristic flight mission with modelled aircraft systems to
estimate the secondary power requirements. Therefore, a parameterized reference mission
with typical altitude and speed profile of commercial transport aircraft is defined. Moreover,
two baseline aircraft representing a Medium-Range (MR) and a Long-Range (LR) configura-
tion respectively, are defined. On basis of aircraft-level functions, simplified system models of
the Environmental Control System (ECS), the Ice Protection System (IPS) and the Flight Con-
trol System (FCS) are derived. Whereas the power requirement estimations of other aircraft
systems, e.g. galleys, avionics, and fuel systems, are mainly based on data from literature. The
parametrized mission and system models are implemented into a tool and merged for calcu-
lations and analysis. This approach enables the aircraft-level analysis and assessment of sys-
tem technologies and concepts in early aircraft design phases, regarding secondary power re-
quirements.

Nomenclature

ACP = Air Conditioning Pack

CAC = Cabin Air Compressor

ECS = Environmental Control System
EIPS = Engine Ice Protection System
FCS = Flight Control System

IPS = Ice Protection System

MEA = More-Electric Aircraft

MIS = Miscellaneous Systems

PCU = Power Control Unit

WIPS = Wing Ice Protection System

I. Introduction

IRCRAFT systems play an important role for performance, efficiency and safety of commercial transport air-

craft. With the introduction of electronic and computer controlled systems (e.g. fly-by-wire), aircraft systems
have undergone many changes as well as more and more new aircraft systems and advanced systems technologies are
introduced. Furthermore, the evolutionary application of enabling electrical and electronic technologies leads to sub-
stitution of some hydraulic and pneumatic systems.

In 1985, Tagge et al.! and Hoffmann et al.? investigated the idea of all-electric systems and predicted efficiency
and weight improvements for advanced electric aircraft systems. Almost thirty years later, the latest introduced com-
mercial transport aircraft — the Boeing 787, the Airbus A380 and A350 — show a notable increase in rated electrical
generator power, see Fig. 1. The biggest leap were made with the 787 due to its bleed-less system architecture, with
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fully electrical Environmental Control System (ECS) and Ice Protection System (IPS)3. Smaller changes were made
with the A380 and A350, as they still have a bleed-air system on board to supply the ECS and IPS. Nevertheless, new
electrical technologies and concepts were introduced*. These aircraft can be defined as the first generation of More-
Electric Aircraft (MEA) in commercial transport aviation.
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Figure 1. Evolution of electrical power of commercial transport aircraft (Airbus and Boeing).

On the aircraft level, the main impact of aircraft systems can be described by system masses and engine power off-
takes required for secondary power. To enable a successful integration of advanced or new system technologies, an
early consideration and integration of aircraft systems in preliminary aircraft design, is becoming more and more
important®®,

The objective of this contribution is to develop a representative flight mission with modelled aircraft systems for
secondary power requirement estimations of commercial transport aircraft. Therefore, parameterized baseline aircraft
and parameterized mission profiles are defined. For the main aircraft systems — the ECS, IPS and the Flight Control
System (FCS) — simplified system models are developed. The power requirements of additional aircraft systems are
estimated by semi-empirical approaches or data from literature review. Finally, the defined reference mission and
aircraft system models are integrated into a calculation tool in MATLAB®. The resulting tool enables the aircraft-
level analysis and assessment of conventional and new aircraft system technologies or architectures, regarding sec-
ondary power requirements.

I1. Baseline Aircraft and Mission Definition

Flight missions of commercial transport aircraft are characterized by specific performance data (e.g. altitude and
speed), aircraft-specific data (e.g. configuration and masses), official regulations and environmental conditions (e.g.
atmosphere)’. Therefore, two representing baseline aircraft and a parameterized mission with typical altitude and
speed profile are defined.

A. Baseline Aircraft Configuration

Commercial transport aircraft are typically divided in Short-Range (SR), Medium-Range (MR) and Long-Range
(LR) categories. As no clear definition or standard for categorization could be found in literature, two baseline aircraft
configurations are defined to represent most of all commercial transport aircraft, see Table 1.

Table 1. Main parameters of the baseline aircraft configurations.

Parameter MR LR Unit Parameter MR LR Unit
General Wing
Crew @ 2/4 2/10 - Span 34.8 63.9 m
Capacity ° 189/184/162  550/442/370 - Area (ref.) 124 440 m
Length 38.5 73.8 m Sweep 25 33 °
Height 12.2 17.8 m Aspect ratio 9.6 8.8 -
Mass Engine (2)
MTOM 76390 329770 kg Number 2 2 -
MLM 65220 242150 kg Thrust 130 484 kN

@ Number of Crew-members: Cockpit/Cabin
5 Number of PAX: 1-class (max) / 2-class / 3-class
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The first baseline aircraft represents a typical MR transport aircraft, comparable to a Boeing 737-800 and an Airbus
A320-200. The second baseline aircraft represents a typical LR category aircraft, comparable to a Boeing 777-300ER
or an Airbus A350-1000. Both baseline aircraft are twin-engine configurations.

B. Mission Altitude and Speed Profile

According to Simsic®, the mission profile can be described by an altitude and speed profile as a function of time.
Furthermore, the speed V of the aircraft is defined as function of the altitude h. In this study, it is assumed that the
Indicated Air Speed (IAS) is equal to the Calibrated Air Speed (CAS). To get the True Air Speed (TAS), the com-
pressibility of the air and the air density are considered. The TAS constitutes the basis for all calculations in context
with the Mach number, see Eq. 1.

Vras = Ma -y - Rspec ‘To (1)

The parameter y represents the heat capacity ratio of the air and Ry, stands for the specific gas constant of air.
The temperature T,, describes the ambient air temperature. For simplification, no wind conditions are assumed, so that
the ground speed is equal to the TAS. In low altitudes, the speed is typically given by the CAS. According to Nuic?,
the conversion from CAS to TAS can be done using Eq. 2. Both, the air density p(h) and air pressure p(h) are
dependent from the flight altitude h. The parameters p, ;54 and p, ;54 represents the ISA conditions on Mean Sea Level
(MSL).

y—-1
v 5
2y p(h)! Po ISA( Y —1 pousa )y_l l
Vias(h) = : 14+ —=(1+ 2z -1 -1 (2)
rasth) = =T o) PO\ s }

A typical flight mission of commercial transport aircraft can be divided in following main phases: Taxi-out, Take-
off, Climb, Cruise, Descent, Approach, Landing, and Taxi-in. The flight phase loiter for holding is optional and not
considered within this study. Figure 2 shows the defined phases and altitudes of the flight mission. The corresponding
parameters for the defined baseline aircraft (MR/LR), are given in Table 3 in the appendix.

Top of Descent

Top of Climb
(TOC)

Crossover Altitude

Transition Altitude

10000ft . O

Figure 2. Mission phases and altitude profile schematics

The Taxi-out phase begins with the push-back and ends with the positioning of the aircraft on the runway. At
standard conditions, the taxi speed is between 15-20 kt. The time accounting for this phase is 11 minutes *. The Take-
off phase starts with the beginning of acceleration on the runway and ends with reaching 35 ft over ground (obstacle
height). Furthermore, it is assumed that the take-off speed is equal to the speed for the beginning of the climb (V).

The Climb phase comprises the whole climbing process until reaching cruise altitude. It is divided in Initial Climb
and Climb 1, 2, and 3, that differ in the rate of climb, taken from the Aircraft Performance Database' of Eurocontrol.

" The taxi-in and taxi-out times are based on averaged data for the period summer/winter 2012-2013 of the most relevant airports with minimum
500 flights in this period (Data from www.eurocontrol.int)
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According to Gillet et al.”, three phases of acceleration are made during Initial Climb, where the speed V, increases
by 10 kt, 30 kt and 60 kt (CAS). The next acceleration is attempted after reaching 10000 ft. This altitude limits the
maximum allowed CAS of 250 kt (CAS) under FL100. After reaching the transition altitude at 18000 ft, the TAS and
Mach number are continuously increased until Top of Climb (TOC) altitude and cruise speed (Ma) are reached.

The Cruise represents the largest phase of the flight mission, regarding to time and range. Standard cruise altitudes
for the baseline aircraft are 40000 ft (MR) and 42000 ft (LR). The maximum cruise speed is limited by the maximum
operating Mach number Ma,,,. According to Rustenberg et al.** and Tipps et al.%?, typical Ma,,, for the baseline
aircraft are 0.81(MR) and 0.84 (LR). Due to high fuel consumption during this phase and thus a decrease of the overall
aircraft weight, a step-climb or continuous cruise-climb can be chosen.

The Descent phase begins at Top of Descent (TOD) altitude after the cruise. The air speeds during descent can be
defined by a given air speed profile. The speed (Ma) remains constant until the crossover altitude is reached, which is
fixed at 30000 ft. After falling below the crossover altitude, the speed is kept constant at 300 kt (CAS). Similar to the
climb phase, the speed has to be reduced to 250 kt (CAS), while reaching 10000 ft. The following rates of descents
can be defined according to Allen®. For simplification, it is assumed that the approach angle of 3° is constant during
descent.

The start of the Approach is defined by the Initial Approach Fix (IAF) point, which marks the beginning of the
approach at the altitude of 4000 ft. After reaching the Final Approach Fix (FAF), the final approach begins. Deceler-
ation phases during the approach are defined at the IAF and FAF. The Landing phase begins with the threshold cross-
ing at 100 ft and is followed by the touchdown at defined touchdown speeds. The following Taxi-in with a typical
speed between 15-20 kt lasts about 5 minutes to reach the final parking position.

1. Aircraft System Models

For estimating the secondary power demand of aircraft systems within early aircraft design phases, two different
approaches are applied. On the one hand, simplified physical models with defined input parameters and system con-
straints are developed. On the other hand, semi-empirical approaches or data found in published literature are used for
power requirement estimations. Figure 3 gives an overview on the considered aircraft systems and defines the system
boundary on aircraft level within this research study. The transport aircraft propulsion (power) system can be divided
into primary power for generating thrust and into secondary power to supply the onboard distributed aircraft systems.
In general, the power generation and distribution system provides three different power system architectures (net-
works): electrical power, hydraulic power and pneumatic power.

Commercial Transport Aircraft
Power (Engines)
l

v v
Primary Power Secondary Power
(Propulsion) (Non-Propulsion)
Power Generation and » Electrical systems (engine-driven generator)
istribution S —> « Hydraulic systems (engine-driven pump)
Distribution System * Pneumatic systems (engine bleed air system)

System boundary

FCS  Flight Control System

ECS Environmental Control System N ftS
Ircra ystems MIS  Miscellaneous Systems

IPS Ice Protection System

EES IPS FCS MIS
Cabin air conditioning Wing IPS (WIPS) Flight control Galleys, Avionics, Fuel
system Engine IPS (EIPS) actuation system system, Landing gear

Cabin pressure control actuation, Lights...

system

Figure 3. Overview on considered aircraft systems for secondary power requirement estimations.

In this contribution, simplified system models are used for the three most important aircraft systems, regarding
power consumption and criticality: The Environmental Control System (ECS), the Ice Protection System (IPS) and
the Flight Control System (FCS). On basis of aircraft-level functions, major functions on system level are derived and
used for building up system models. The power requirements of the remaining, miscellaneous systems (MIS), e.g.
galleys, avionics, and fuel systems, are mainly based on empirical methods or existing data from literature
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A. Environmental Control System

The main functions of the ECS of a transport aircraft are cabin air conditioning and cabin pressurization, in order
to provide a cabin environment that is comfortable for the crew and passengers. Furthermore, avionics and electrical
airframe systems have to be cooled as well. To meet the requirements in early transport aircraft design phases, a
simplified pneumatic and electrical ECS model is developed.

Figure 4 shows the Air Conditioning System (ACS) model with corresponding mass flow rates and heat flow rates.
The pneumatic ECS is supplied by engine bleed air system (including the pre-cooler). The bleed air is generally drawn
off from the intermediate pressure compressor or the high pressure compressor of the engine, regulated down by valves
and pre-coolers. Therefore, the temperature Ty..4 Of the bleed air supply is assumed to be constant throughout the
mission — regardless of the engine speed. Whereas for MEA with no-bleed architectures, ram air is used, passing
electrically-driven Cabin Air Compressors (CAC). The resulting compressed air requires no down regulation before
entering the Air Conditioning Pack (ACP)3. For the bleed-less architecture the temperature T,.,,,, of the ram air supply
changes with flight altitude and speed of the aircraft.

Engine bleed Mteeds Thicea
arsysiem l = Air mass flow

N A I R > Heat flow
Pneumatic ECS Ram/exhaust air
mACP'TACP
Mixing Unit
Manins Trnixe
v

Eﬂ §~

A
HA 4

Heat loads Conduction Ventilation

Cmet, Qsun, Csys

v

A

Eﬂ §~

Electrical ECS Petec
Electrical power A

system

Mrams Tram Teae, Teac

Ram air

Figure 4. Simplified Air Conditioning System (ACS) model for a pneumatic (top) and an electrical
(bottom) Environmental Control System (ECS)

The CAC is electrically driven by an adjustable speed motor, requiring electrical power P, As for the bleed
air supply, the temperature T, after the CAC is also assumed as constant. According to Moir and Seabridge?®, typical
temperature values are Tpj.oq = 200 °C and T, = 95 °C before entering the ACP. The ACP consists of an air cycle
machine and a heat exchanger using ram air, to change the hot pressurized air to cold air for air conditioning**. Nev-
ertheless, for this simplified ECS model both, the CAC and the ACP are assumed as a black box with characteristic
efficiency factors ngac and n4¢p.

Within the mixing unit — assumed as loss-free — recirculated cabin air is mixed with the conditioned supply air
from the ACP and directed to the cabin by overhead distribution nozzles. The recirculated mass flow rate m,.,. pro-
vides about 40-50%>6 of the cabin air flow rate 7i1,4p;,. The recirculation factor f,... is initially set 0.5, but can vary
during the flight mission. Furthermore, it is assumed that the temperatures Tycp, Trec, and Ty, are equal to the re-
quired cabin air temperature T,,;;:,. It is assumed that the cabin temperature is constant and homogenous inside the
cabin. A hot air manifold with trim air (low pressure, high temperature) to adjust the temperature in different cabin
zones is not considered.

The required power for the ACS is defined as the sum of all heat flow rates, see Eq. 3. The total heat flow rate
results from different heat loads and from the heat transfer between the cabin and the environment Q,,,, (conduction).
The heat loads can be divided in heat dissipation by passengers and crew Q,,., (metabolism), solar heating by the sun
Qsun and the heat loads by several electrical systems sts, see Table 4. in the appendix.

do; . . . . .
Pycs & Z d—tl = Qcapin = Qcon + Qmer + sts + Qsun @)
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The supply requirements for air conditioning (index with ACS) of the pneumatic and electrical ECS can be calcu-
lated by using Eq. 4, where n,cp represents the efficiency of the ACP and c, the specific heat capacity of air.

PACS

(4)

mbleed/ramAcg = ThACPACS =
Nacp " Cp * (Tbleed/ram — Tacp)

Besides air conditioning requirements, the fresh air requirement for crew and passengers must be fulfilled. The
FAA (FAR 25.831) specifies that the minimum fresh air m,..s, provided by the ventilation system must be at least
0.55 Ibs/min per occupant. According to Lammering®, further values of 0.75 lbs/min (standard) and 1.0 lbs/min (com-
fort) are common. Following this, the mixed air mass flow rate m,,;, can be calculated to verify if the fresh air re-
quirements are met. If the mass flow rate for air conditioning is too 10W (1;x . .¢ < Mfresn), COrrected supply mass
flow rates are calculated, see Egs. 5 and 6.

Mmixacs = MacPcs + frec *Meresh (5)

. s _ mbleed/ramAcg + (mfresh - mmixAcs)' mmixAcs < mfresh 6

mbleed/ram = Mycp = m Mo >1m ( )
bleed/ramycs , mixacs = ""“fresh

The resulting amount of bleed air 1.4 represents the power requirements for the pneumatic ECS. The electrical
power requirements for the CAC are calculated using Eq. 7. Additionally, for both the pneumatic and electrical ECS,
the power for ventilation P,,.,,, must be considered. Here, the ventilation power is estimated with 135 W per occu-
pant!’.

Meac * ¢ (Teac = Tram) g .
PelecCAC = £ o with ey = Mygm (7
NMcac

As mentioned above, the ECS provides cabin pressurization as well. The cabin pressurization is achieved by con-
trolling the outflow of the cabin via controlled outflow valves. In the isobaric mode, the cabin altitude (pressure) is
controlled to a predetermined value. When the maximum differential pressure is reached, the mode is automatically
switched to the constant differential mode. In this mode, the difference between cabin pressure and ambient air pres-
sure is kept constant. In this study, the power requirements for the electrical controlled outflow valves is neglected, as
it is considerably less than the power requirements for air conditioning. Nevertheless, for the sake of completeness,
the ECS system model calculates the cabin altitudes, considering both modes of pressurization.

B. Ice Protection System

The Ice Protection System (IPS) has the main function to avoid ice formation or ice accumulations at aerodynam-
ically sensitive areas such as wing leading edges and engine inlets (cowling)*®. Furthermore, air data probes, cockpit
windows, antennas and valves are heated to prevent icing and thus malfunctions or failures. In general, hot air from
the engine bleed air system or electrical heating elements are used for anti-icing or de-icing**.

The two main IPS power consumers are the Engine IPS (EIPS) and Wing IPS (WIPS). EIPS is generally supplied
by bleed air, even for MEA architectures like the B787. For the WIPS two possible architectures are considered: The
pneumatic supplied and the electrical supplied WIPS. The engine bleed air system supplies the pneumatic WIPS,
where the leading-edge devices (e.g. slats) are heated over piccolo tubes with the hot bleed air, see Fig. 5 on the left.
The electro-thermal WIPS is supplied by the electrical power system. Therefore, attached heating mats inside the
leading-edge devices provide the required heating for anti-icing or de-icing, see Fig. 5 on the right.

Sherif et al.*® presented a semi-empirical method for local heat transfer and ice accretion on aircraft wings, where
the local heat transfer is influenced by energy added or removed to the surface in form of different heat flux densities.
Based on this method and according to Lammering® and Chakraborty?®, the total heat flux g;,4; is simplified and can
be calculated using Eqg. 8.

Qtotal = (Iconv + QSens + C.Ievap - Qkin (8)

The convectional heat flux g.,,,, describes the cooling of the surface due to air flow. The sensible heating gy IS
the heat flux required to heat the impinging water droplets to the desired surface temperature. Evaporation at wing or
engine cowling and the corresponding heat losses are considered over the heat flux g, . Furthermore, gy, represents
the kinetic heating. The corresponding calculations are shown in Table 5 in the appendix.
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Figure 5. Simplified Wing Ice Protection System (WIPS) models with pneumatic supply (left) and electrical
power supply (right) (adapted from Chakraborty® and Lammering®).

In general, the required bleed air mass flow for a pneumatic IPS is calculated using Eq. 9, considering the surface
area to protect A,,,, and the desired temperature of the protected surface Tsy;, race- Thieeq 1S the temperature of the
bleed air supply and 1peeq, p, IS the overall heat transfer efficiency for the pneumatic IPS, that is assumed to be 65%>°.

Qtotal Aprot

Mpleea =

(9)

Nbieed ps " Cp (Tyreea — Tsurface)

To calculate the power for the electrical IPS two further steps are required. Firstly, the resulting heat flux ¢;o¢ai,,,,
of the electrical WIPS can be calculated using Eq. 10. The parting strips are continuously heated (see Fig. 5) for anti-
icing considering the parting strip area ratio f,, that is about 20%?%6 of Aprotwips- The factor f,,. of the cyclic heat
flux term is assumed to be 0.05%°, which describes the ratio of heating time to the cycling time. The heat flux g, for
de-icing of the cyclic heated area is estimated with Eq. 11,

Qtotalglgc = Qrotal 'fps + QCyc ' fcyc (10)
. _ Pice” Lice
Aeyc = ¢ *(Cice * (Tref - TOO) + Lf) (11)
heat

Therefore, it is assumed that a thin layer of ice [;., of 0.5 mm is intermittently melted and heated to the desired
surface temperature. L, is the latent heat that arises during evaporation of water.

Secondly, the power requirements Py, ps for the electrical WIPS can be calculated, see Eq. 12. A typical values of
Netec;ps 1S 70-75%1°. As mentioned above, additional electrical power P,y estimations for heating of other devices
(e.g. air data probes, cockpit window) are required.

Qtotalge. Aprot

Pyips = (12)

neleqps

According to the Jeck? (FAA) different icing design envelopes™ are considered for the wing ice protection and for
engine ice protection: Continuous maximum atmospheric icing conditions for WIPS and intermittent maximum con-
ditions for EIPS. Icing design envelopes are characterized by ambient temperature vs. pressure altitude. If the aircraft

" Icing design envelopes are characterized by ambient temperature vs. pressure altitude (Jeck?* pp. 2-4)
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is within the icing conditions the WIPS or EIPS are activated, respectively. For both, a standard median volume di-
ameter of the water droplets of 20 um is assumed?!, but can be varied as input parameter within the implemented tool.

The estimated electrical power for the heating of other system (e.g. cockpit window heating, air data probes) are
based on values published by Roskam??: 6 kW during take-off and climb, 7.5 kW during cruise and again 6 kW during
descent and landing.

C. Flight Control System

The Flight Control System (FCS) of commercial transport aircraft can be divided into a configurational system
and architectural system®. The FCS configuration includes the type, allocation and positions of flight control devices.
The FCS architecture defines the actuation of the devices, the redundant distribution of the power supply and the
assignment of the flight control computers for reconfiguration.

For this study, conventional and simplified FCS configurations for both baseline aircraft (MR/LR) are defined, see
Fig. 6. Based on the defined FCS configurations, the FCS architecture can be derived. For reasons of redundancy each
aileron and each elevator is actuated by two actuators. The actuation system of the rudder at the vertical tail plane
consists of three actuators. The wing leading and trailing edge devices for high-lift are actuated over transmission
shafts, which are driven by central Power Control Units (PCU).

Wing (L/R)
e LE devices: 10 (5/5)
e Spoilers: 10 (5/5)
e TE devices: 4 (2/2)
o Ailerons: 2 (1)

Wing (L/R):
e LE devices: 14 (7/7)
e Spoilers: 14 (717)
e TEdevice: 4(2/2)
« Ailerons: 2 (1/1) optional: (2/2)

Empennage
* Rudder: 1
e Elevators: 2 (1)

Empennage:
* Rudder: 1
e Elevators: 2 (1/1)

Medium-Range (MR)

Long-Range (LR)

Figure 6. Schematic of the FCS configurations of the baseline aircraft (MR/LR).

According to Lammering®, the power requirements of the FCS strongly depends on the aerodynamic forces acting
on the devices. Therefore, the power estimations can be done independent from the chosen actuation technology. The
power requirements P.¢ for the actuation of flight control surfaces — including ailerons, rudder and elevators — are
estimated over the surface loads in form of hinge moments My, 4., which are required for the desired deflection
rates ys, see Eq. 13°.

Pes = Mhinge "Yes (13)

The hinge moment is proportional to the stagnation pressure%’° - V2,5, the surface area A, the average surface
chord ¢¢s, and the hinge moment coefficient Cn g cs, See Eqs. 14 and 15%. To consider compressible effects at

speeds, the coefficients Cyinge,ar Chinge,y are divided by the Prandtl-Glauert factor § = v1 — Ma?. The angle of attack
a and the deflection angle y are dependent on the mission flight phases.

p _
Mpinge = 700 : V%As "Acs " Ces Chinge,CS (14)
Chinge,CS = Chinge,o + Chinge,a o+ Chinge,y Y (15)

The deflection rates y.s of the control surfaces are calculated by normalized maximum deflection angles &, /5_
and the related CPS (Cycles per Second) for each phase of the mission, see Table 2. One CPS describes the deflection
of the control surface and its return to zero position within one second.
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The resulting power requirements result from the actuation efficiency, see Eq. 16. For this simplified FCS model,
architectures with Servo-valve controlled Hydraulic Actuator (SHA) and the Electro-Hydrostatic Actuator (EHA) are
considered.

PCS

P = —
hya/eteccs NsHA/EHA (16)

Table 2. Characteristics of control surface deflections and related Cycles Per Second (CPS)
for each mission phase (based on Simsic® and Chakraborty?®).

Aileron Elevator Rudder Spoiler

Mission Phase L o o .

CPS 64/6_ 04/6_ 04/0_ o
Taxi-out @ 0.00 0.00/—0.00 0.00/—0.00 0.00/—0.00 0.00
Take-off 0.40 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Initial climb 0.40 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Climb 1-3 0.40 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Cruise ° 0.20 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Descent 1-3 0.30 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Initial Approach 0.30 0.12/-0.12 0.20/-0.20 0.20/-0.20 0.12
Final Approach 0.40 0.32/-0.40 0.50/—0.50 0.50/—0.50 0.30
Landing 0.40 0.32/-0.40 0.50/—0.50 0.50/—0.50 0.40
Taxi-in 0.00 0.00/—0.00 0.00/—-0.00 0.00/—0.00 0.00

2All controls free and correct checks are not considered
° Assumption: No turbulence during cruise

The hinge moments of high-lift devices cannot be determined only with geometry data of the leading and trailing
edge devices, but also require knowledge of the kinematics of the associated mechanism. Thus in this contribution,
the power requirements for the high-lift system actuation is based on an empirical approach, according to
Chakraborty?®,

In this work, the author relates the installed PCU power to the maximum take-off mass MTOM of existing com-
mercial transport aircraft to establish following Eq. 17.

MTOM 0.5551
PPCU =1196.9- < 10—00 ) (17)
PPCU
PhydeU = (18)
NMpcu

The result represents the total power for both PCUs for the leading edge and trailing edge devices, and shows good
accordance to power data presented in the work of Lammering®. Finally, the required hydraulic power for the PCU
can be calculated using Eq. 18, where i,y is the PCU efficiency.

D. Miscellaneous Systems

All remaining system with considerable power requirements which cannot be assigned to the ECS, IPS or FCS,
are defined under miscellaneous systems (MIS), see Table 6 in the appendix. The hydraulic power requirements for
retraction and deployment of the landing gear is estimated by Eq. 19, using the hydraulic power of the PCU as a
reference.

PhydLG = 153 " PhydPCU (19)

This estimation is based on the hydraulic power requirements from flight test data of an Airbus A320 presented in
the work of Lammering®. For simplification, it is assumed that the power demand for retraction and extension is equal.

IVV. Simulation Framework

The presented parameterized mission and the aircraft system models for secondary power requirement estimations
are implemented into a MATLAB® tool. Within this framework, mission objects and system objects for the FCS, ECS,
IPS, and MIS are initialized, see Fig 7. The mission object, consisting of phases and steps, is automatically generated
and initialized based on mission input parameters, set ISA conditions and altitude step size. The aircraft system objects
are strongly based on the system models from section Il1. This object-oriented approach allows the easy addition of
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flight phases and the implementation of new system architectures, technologies or concepts. After the mission and
system objects are initialized, the system activities, including icing conditions (IPS) and duty cycles of flight control
surfaces (FCS), are checked. Finally, the secondary power requirements are calculated for all steps of each phase.

calculations

U,

Duty cycles
— Hydraulic power

A 4

Input Data Objects Calculation loop
Mission Mission Altitude, speeds
Initialization and conditions
7'y
s v — v
stem activit)
Y - — Electrical power
Icing N
System “_ conditions " Secondary
Systems Initialization power — Engine bleed air

Activity
schedule |

Phase 1...n

Figure 7. Top-level schematic of the simulation framework with implemented mission and system objects.

V. Case Study and Results

The case study considers two configuration of the Medium-Range (MR) baseline aircraft with 162 passengers on
board and a mission flight range of 3000 nm. The cruise speed is constant at Mach 0.81. The first configuration has a
conventional bleed-air architecture on board to supply the ECS and IPS. Whereas, the second configuration is a MEA
with electrically supplied ECS and IPS. In the following sections, the individual results of the secondary power re-
quirements of the considered aircraft systems are viewed in detail. Therefore, the baseline aircraft and the altitude and
speed profile results of the reference mission serve as input data.

A. Reference Mission

The flight mission is performed at standard ISA conditions, starting and landing at Mean Sea Level (MSL). The
altitude step size is set to 500 ft. Figure 9 shows the altitude and speed profile of the overall mission. The overall
mission time calculate is about 418 min. The cruise segment is performed as a step-climb, starting at 36000 ft (TOC)
and ending at 40000 ft (TOD).
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Figure 9. Flight mission results for the medium-range baseline aircraft as a function of time.
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B. Environmental Control System

The ECS is among the largest consumers of secondary power. For the following investigation, a constant cabin
temperature of 24 °C and a constant fresh air demand for the cabin of 0.75 Ib/min per occupant (passengers and crew)
is set. Figure 7 shows the results of the cabin heat flows (left) and the secondary power requirements for the pneumatic
and electrical ECS (right). For most of the flight mission time during cruise, the resulting cabin heat flows hardly vary
and accordingly the power requirements in form of engine bleed air and electrical power remain constant. Furthermore,
two effects can be recognized: Firstly, during flight phases of rapid altitude changes (climb/descent) and thus signifi-
cant ambient temperature changes, noticeable increase/decrease of the conductive heat flow can be recognized. Sec-
ondly, after cruise, a rapid reduction in system heat flow can be seen after the cruise phase, due to the deactivation of
the galleys.
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75 200 Electrical ECS (CAC power) 2
2 g [Nt s E
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s 50 Vel Z 150 15 2
[ ] 4 <
g 25 2 100 1T
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Time, - Normalized Time, -

Figure 8. Cabin heat flows and secondary power requirements of the pneumatic and electrical
Environmental Control System (ECS).

The breakdown of averaged power requirements of each mission phase of the ECS are shown in Fig. 9. The max-
imum bleed air demand for the pneumatic ECS is required for air conditioning on ground. Whereas, for the electrical
ECS the power requirements increase with higher altitudes and a maximum can be observed during cruise. This can
be explained by the decreasing air temperatures and thus decreasing temperatures of the ram air, supplying the CAC,
see also Eq. 7.
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Figure 9. Averaged power requirements of the pneumatic (left) and electrical (right)
Environmental Control System (ECS).

C. Ice Protection System

The IPS is also one of the largest secondary power consumers on board of the aircraft. The desired surface tem-
peratures are set to 6 °C for the WIPS (de-icing) and 36 °C for the EIPS (anti-icing). The protecting areas of the MR
baseline aircraft are 7.5 m2 for the wing leading edge devices and 5.4 m? for both engine cowlings.

The results of the pneumatic and electrical IPS power requirements mission are presented in Fig. 10 on the top. It
can be observed two “peaks” of engine bleed air demand during climb and descent phases occur. With increasing
altitude and decreasing temperature during climb, the aircraft enters the icing condition envelope of the EIPS and
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WIPS, see Fig. 10 on the bottom. Similar behavior is observed for the descent phase. During cruise the aircraft leaves
the icing envelopes again, thus no IPS is activated. The higher bleed air demand for the EIPS results on the one hand
from the higher surface temperature of 36 °C and on the other hand on the higher liquid water content for intermittent
maximum conditions considered, see also section I11/B. The bleed air demand for the EIPS remains the same, since
the EIPS is still supplied by engine bleed air. As expected, the now electrically supplied WIPS shows the same be-
havior as the pneumatic WIPS, see Fig. 10 at the bottom.
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Figure 10. Power requirements of the pneumatic (left) and the electrical (right)
Ice Protection System (IPS).

The averaged secondary power requirements for each flight phase are displayed in Fig. 11. Both, the pneumatic
and electrical IPS show secondary power requirements during climb and descent, where icing conditions occur. The
results for the WIPS and EIPS show good accordance to the results for a B737-800 type of aircraft?® and to the results
of an A320°.
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Figure 11. Averaged power requirements of the pneumatic (left) and electrical (right)
Ice Protection System (IPS).
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D. Flight Control System Power

For this case study, two different FCS actuation systems are defined for the ailerons, rudder, elevators and spoilers.
For the conventional baseline aircraft, the actuation system consists of well-known Servo-valve controlled Hydraulic
Actuators (SHA), with an assumed efficiency of ngy4 = 60%. In contrast, Electro-Hydrostatic Actuators (EHA) are
used for the MEA baseline aircraft (nzy4 = 85%), similar to the actuation architecture presented by Chakraborty?3.
Nevertheless, the leading-edge and trailing-edge devices of the high-lift system are actuated by centrally hydraulic-
powered PCUs.

In Fig. 12 on the left, the required mean actuation power of the flight control devices over the full mission are
depicted. It can be seen, that for the descent, approach and landing phases, the actuation power increases. This is due
to the higher cycles per second (CPS) of each control surface and due to higher required deflections or deflection rates,
respectively. The short term hydraulic power required for the PCUs of the high-lift system (not shown in the graphs)

is approximately 22 kW. The averaged secondary power requirements for FCS with hydraulic/electrical (SHA/EHA)
architectures for each phase are displayed in Fig. 12 on the right.
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Figure 12. Mean actuation power requirements (left) and averaged secondary power requirements for each
phase (right) of the Flight Control System (FCS).

E. Miscellaneous Systems Power

The remaining systems, relevant for secondary power consumption, are defined as Miscellaneous Systems (MIS).
Based on the activity schedule defined in Table 6 in the appendix, following secondary power requirements over the
mission can be obtained, see Fig. 13 on the left. The galleys are the biggest electrical load (40.5 kW) and switched-
off at the end of the cruise phase. The hydraulic power for the landing gear actuation is approximately 33 kW, see also
Eq. 18. The averaged electrical power distribution for each phase is displayed in Fig. 13 on the right.
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Figure 13. Electrical power requirements of the Miscellaneous Systems (MIS).
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F. Overall Secondary Power Requirements

Finally, the averaged secondary power requirements of each system in form of electrical, hydraulic and pneumatic
(bleed air) power can be summed up, see Fig. 14. It can be recognized, that the electrical power requirements even for
the conventional baseline aircraft is very high with approximately 100kW. Furthermore, the secondary power require-
ments for the IPS, especially the EIPS lead to high bleed air requirements for the conventional baseline aircraft.
Furthermore, high electrical power requirements can be recognized during climb and cruise phases, mainly due to the
galleys. The bleed air requirements depend on the icing envelopes considered and thus the activation of the IPS. For
this case study, high bleed air requirements due to the WIPS and EIPS are shown during climb 1, 2 and descent 2
phases. The results of the more-electric baseline aircraft show increases of electrical power requirements in each phase,
due to the high power requirements of the CACs of the electrical ECS. Therefore, the bleed air demand can be reduced,
due to the no-bleed architecture, since the EIPS is the only system supplied by engine bleed air.
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Figure 14. Averaged power requirements of the conventional (left) and more-electric (right) baseline aircraft.
VI. Conclusion

This study contributes to the integration and assessment of aircraft systems and systems technologies of commer-
cial transport aircraft in preliminary aircraft design. Therefore, a parameterized mission and two representative base-
line aircraft, Medium-Range (MR) and Long-Range (LR) aircraft, are defined. Furthermore, to meet the requirements
in early transport aircraft design phases, simplified systems model for the main power consuming aircraft systems —
the Environmental Control System (ECS), the Ice Protection System (IPS) and the Flight Control System (FCS) — are
developed. Other remaining and relevant systems power requirements are estimated with data from literature review.
The presented approach is integrated into a MATLAB® tool with implemented mission and system objects.

For both, the ECS and IPS, conventional systems (“bleed-system”) and more-electric systems (‘“no-bleed”) are
considered. The conventional ECS is supplied by the engine bleed air systems, whereas electrical ECS is supplied by
ram air and additional electrical Cabin Air Compressors (CAC) to provide the air for cabin air conditioning and cabin
pressurization. To protect sensible areas from ice formation or ice accumulations such as wing leading edges, engine
inlets (cowling), air data probes and cockpit windows, an IPS for de-icing or anti-icing is necessary. In general, the
conventional IPS is supplied by the engine bleed air system to provide the Wing Ice Protection System (WIPS) and
the Engine Ice Protection System (EIPS) with hot air. Whereas, for the electrical IPS, the WIPS is realized with
attached heating mats inside the leading edge, supplied by the electrical power systems. In this study, the FCSs of the
baseline aircraft consist of conventional flight control devices — ailerons, elevators, rudders and spoilers — and of
conventional high-lift systems with leading and trailing edge devices at the wings. Two types of actuators, the Servo-
controlled Hydraulic Actuator (SHA) and the Electro-Hydrostatic Actuator (EHA) are considered to derive a hydraulic
(SHA) and an electrical (EHA) FCS actuation system architecture.

The conducted case study with conventional and more-electric baseline aircraft (MR) show good results compared
to published data of similar transport aircraft. Especially the results of the ECS and IPS — which have a sophisticated
system model, compared to the other system models — look very valid. The results of the FCS actuation system must
be considered carefully, as the system models are very simplified or based on empirical data from literature. Never-
theless, the presented parameterized flight mission enables the aircraft-level assessment of conventional or new air-
craft systems and systems technologies in early phases of aircraft design, regarding secondary power requirements.
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dix

Table 3. Mission altitude and speed data for the baseline aircraft (MR/LR).

Flight Phase Altitude, ft Speed, kt, - Climb Rate, ft/min
Segment MR/LR MR LR MR LR
Taxi-out
Taxi 0 15 15 CAS 0 0
Take-off
Acceleration 0 - 153 - 162 CAS 0 0
Lift-Off 0 153 162 CAS 2750 3000
Climb
Initial Climb - 4000 183 192 CAS 2750 3000
Climb 1 - 15000 - 290 - 300 CAS 2000 2400
Climb 2 — 24000 1700 1800
Climb 3 - TOoC l l 1250 1450
Cruise
Cruise Flight - TOD 0,81 0,84 Ma 0 0
Descent
Descent 1 - 30000 0,81 0,84 Ma —2400 —2500
Descent 2 - 10000 300 300 CAS
Descent 3 - 4000 240 250 CAS
Approach
Initial Approach - 2500 240 250 CAS
Final Approach - 1000 160 185 CAS
Landing
Threshold Crossing 100 140 165 CAS
Touchdown -0 137 153 CAS 0 0
Deceleration 0 - 15 - 15 CAS 0 0
Taxi-in 0 0 0
Taxi 0 15 15 CAS 0 0

Table 4. Heat flow rate calculations of the Environmental Control System (ECS).

Heat flow Equations Notes
. . . . n Number of passengers
Metabolism = . . pPAX
Qmet = Qpax " Mpax + Qerew " Nerew npax  Number of crew members
. Goun = 1367 %, Solar radiation
Sun (solar; = Goun " A SN . m
( ) Qsun = dsun * Awindow * Mwindow * farea furea = 0.5, window area factor
Systems Qsys = Qgatteys + Quire + Quignes
. 1
Conduction Qeon = e (Tsiin = Teabin) R;, Thermal resistance of the fuselage.
th

Table 5. Heat flux density calculations of the Ice Protection System (IPS).

Equations
Heat flux (based on Meier and Scholz®®, Chakraborty) Notes
Geonv = hsurface * (Tsurface = Taw)
Convection A hsurrace Heat transfer coefficient
hsyrface = N“l
ref
Sensible heating sens = Muocat * {(Tsurgace = Taw) " [(L—=1) - ¢y + -] +n- Ly} My local liquid water mass flow
Miocat = Vras * Powe " Em En Water collection efficiency
Gevap = Mevap * Le
RH - €y,0 — €y surface
i Tgpap = 0.7 o - : : !
Fvaporation e ’ P " Cp My — Evaporativ mass flow
17.265T .
e, = 6.1094 - ezsz0asT e, Saturation vapor pressure

Kinetic heating

2
Vias

kin = Miocal e

Table 6. Assumed power requirements of Miscellaneous Systems (MIS).

Power Assumptions

System (based on Steinke", Chakrabortyza) Unit Activity Schedule
Avionics 8000 w All phases
Fuel system 0.136 W/kg All phases (Reference mass: MTOM)
Galley 250 W /pax Initial Climb, Climb 1-3, Cruise
Cabin lights 40 w/m Al phases (Reference length: Cabin length)
In-flight entertainment 50 W /pax All phases
Aircraft lights
Position 500 w All phases
Navigation 50 w All phases
Beacon 200 w All phases
Taxi 750 w Taxi
Landing 4000 w Taxi, Take-off, Initial Climb, Approach, Landing
Logo 500 w Take-off, Initial Climb, Approach, Landing
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