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SUMMARY

The significant impact of airborne cabin pressurisation and cooling systems on fuel consumption requires
new technologies to be investigated. In the pursuit of decreasing fuel consumption while leveraging on the
benefits of electrification, a shift was initiated from conventional bleed air driven to electric powered air cycle
machines based environmental control systems. The performed research goes a step further by considering
an alternative configuration in the form of an electric driven vapour cycle refrigeration unit. The system to be
installed onboard a technology demonstrator is integrated at aircraft level and its impact on fuel consump-
tion is compared to that of an electrically driven air cycle machine.

The starting point in designing environmental control systems represents setting up the boundary conditions
of the system and identifying the cooling load. The latter can be estimated by means of a cabin heat model for
which the contributions due to convection, conduction and radiation are considered allowing to quantify the
total heat load to be removed by the environmental control system. The two environmental control systems
can be sized according to the duty load which was estimated at 46.3 kW for ground operations and 40.4 kW
for the cruise flight segment. In case of the vapour cycle system the corresponding refrigerant mass flow rate
to meet the desired cooling duty ranges between 0.30 and 0.34 kg/s for a system using R134a refrigerant.

By means of a sensitivity study using the Morris One at a Time (MOAT) approach the system parameters be-
longing to each architecture were classified as either having a large impact on results or being negligible. The
cabin air compressor exit pressure as well as the cabin pressure requirement were identified as parameters
having large linear effect on results for both models. In case of the vapour cycle system the refrigerant mass
flow rate was identified as the critical parameter having large linear effects on trip fuel. This was expected as
the cooling effect to be provided by the evaporator during the latent heat transfer is a function of refrigerant
mass flow rate. To make sure the systems respond correctly to varying secondary shaft power extractions
required to drive the electric cabin air compressors and the refrigerant compressor, a sensitivity study of the
shaft power off-takes was performed and data was validated using an alternative engine performance deck.

The aim of this research is to assess the efficiency of the novel system when integrated at aircraft level as com-
pared to the baseline model. Analysing the performance of the two models from a thermodynamic point of
view was done by quantifying their coefficient of performance. As expected the vapour cycle system resulted
in a higher coefficient of performance than the air cycle machine for both ground and cruise operations when
taking into account the effects of cabin air compressor pressurisation and ram air work, reaching a value of
0.28 during cruise flight operation mode as compared to the 0.12 obtained for the baseline model. Analysing
the vapour cycle system as a standalone unit and neglecting effects of pressurisation, a local coefficient of
performance of 2.05 was estimated. This value is essential in case the performance of the system has to be
compared with other commercially available refrigeration units for ground applications which incorporate
both subcooling and superheating.

Fuel consumption related results show up to 1.62 % trip fuel reduction for a baseline mission of 1000 nm
and 12000 kg payload for the technology demonstrator aircraft equipped with the vapour compression cycle
refrigeration system as compared to the baseline model. Even when accounting for a weight penalty of 150
kg associated with the novel system, the results show a trip fuel reduction of 1.48 %, still indicating that the
vapour cycle system is more efficient than the conventional air cycle machine.

The performed study is an essential step towards a system configuration using promising technologies such
as miniature centrifugal compressors. According to an investigation taking into account the required mass
flow rate of approximately 0.3 kg/s and pressure ratio of 5.5 needed to meet the cooling load requirements,
it was determined that using a single miniature centrifugal compressor is unfeasible. Even at high rotational
speeds in excess of 250,000 rpm, the mass flow rate of such a compressor is in the range of 1 to 20 g/s while
its pressure ratio can hardly reach a value of 2. This highlights the need to consider multi-stage cycles in
order to determine if the weight of additional heat exchangers and piping can be offset by the weight savings
associated with miniature compressors.
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I NTRODUCTION

Technological advancements in the aerospace market are continuously evolving with one of the key drivers
being the research performed at various institutions around the world. Based on a collaboration between the
Power and Propulsion group at Delft University of Technology and the Dutch supplier of aerospace compo-
nents Aeronamic, a research project regarding the design and development of a new environmental control
system (ECS) for more electric aircraft is currently underway. The novelty of this project revolves around the
proposed con guration: a refrigeration system based on the vapour compression cycle in combination with
a bleedless propulsion architecture. While Aeronamic is currently developing the high speed motor driven
electric compressor to be used in the vapour compression cycle, the research performed at Delft University
is aimed at con guring the overall system, quantifying the resulting performance related characteristics and
analysing the feasibility of the proposed set-up.

The relevance and context of work at academic and applied level build on the foundation set by Eichler in
1875 who conducted one of the rst simulations of an environmental control system for aircraft [25]. The pro-
posed work can be closely linked to the elds of modelling and simulation based engineering which are also
employed at applied level by manufacturers that seek to optimise their designs through simulations rather
then experiments in order to reduce costs. Since the compressor to be used in the new con guration is pro-
vided by an industry supplier of aerospace components, the research outcome is capable of providing insight
into possible applications of the newly developed product and thus helping the supplier company become
more attractive to new potential customers. Due to the expected decrease in speci ¢ fuel consumption result-
ing from integrating the novel environmental control system at aircraft level, the proposed con guration has
the potential to partially ful | some of the requirements set by the European Commission for 2050, namely a
75% reduction in CO, emission per passenger kilometre and a 90% reduction in NOy emissions and a 65 %
reduction in noise compared to a baseline aircraft of year 2000 [26].

Several approaches can be thought of in order to keep under control the increased emissions and noise asso-
ciated with the estimated growth of air traf c. While other studies focus on redesigning the architecture of the
propulsion system by implementing hybrid electric powertrains, the focus of the current paper is to consider
the environmental control system, the dominant user of secondary power onboard commercial aircraft. As
the gap between the industry standard's conventional air cycle machines and the electrically driven air cycle
machine was closed with the advent of the Boeing 787, it is time to go one step further and determine the
feasibility of a novel environmental control system in the form of a vapour cycle compression refrigeration
unit aimed towards the Airbus A320 platform.

Designing airborne refrigeration systems provides endless possibilities in terms of refrigeration medium,
compressor type and architecture set-up. For the present research the design choice is xed around a cen-
trifugal compressor running a simple loop vapour compression cycle with R134a refrigerant. The challenge
of interest represents integrating the refrigeration unit at aircraft level and making sure the system is feasible
from a thermodynamic point of view. Ultimately the goal is to set-up a baseline model running an electri ed
air cycle machine unit and compare its performance metrics such as energy consumption and associated trip
fuel for a baseline mission of 1000 nm and 12000 kg payload with those of a technology demonstrator aircraft
running the vapour cycle refrigeration unit.

The following part of the thesis commences with the background information section providing a strong fun-
damental background about more electric aircraft technologies, electric power system architectures, envi-
ronmental control systems con gurations, thermodynamic cycles for refrigeration systems, advanced vapour
compression cycles and refrigerant selection criteria. The methodology section contains a concise overview



of subsystem modelling and integration at aircraft level, providing the reader with the foundation required
to understand the basic principles behind the two simulation models. Also part of the methodology are a
heat load analysis and an electric load analysis which are invaluable tools when considering the design of
refrigeration systems from an aircraft level. In the veri cation and validation section the sensitivities of the
powerplant due to secondary power off-takes is presented, followed by the validation of the refrigeration unit
itself. The results section aims to provide enough data required to answer the research questions, includ-
ing quanti cation of secondary power extractions as well as comparison plots of fuel consumption between
the baseline model and technology demonstrator. The report ends with the conclusion section based on the
available data, aiming at summarising the key points of the work performed as well as providing recommen-
dations for future research.

The research objective of the current design oriented research is de ned by accounting for how different the-
ories on environmental control systems, refrigeration cycles and more electric aircraft can be combined to
support the design of a novel environmental control system and its integration at aircraft level. The starting
point is looking at research methods that can be utilised as part of a thermal design methodology for aircraft
thermal systems. Other aspects to be considered are the technologies related to propulsion con guration
and electrical power systems having a direct impact on the functioning of the environmental control system.
Additionally it is important to identify the mutual dependencies arising from coupling or decoupling the
cooling, heating and pressurisation functions of the environmental control system. Following the previously
mentioned steps helps to provide the required tools required to investigate how can a vapour compression re-
frigeration cycle be integrated into the environmental control system taking into account industry standards
and certi cation requirements, allowing to de ne the following research objective

"The objective of this research project is to contribute to the development of a complex subsystem for
more electric aircraft by designing a new environmental control system based on the vapour compression
cycle in combination with a bleed-air-free propulsion system and assessing the resulting performance

bene ts at aircraft level in terms of speci ¢ fuel consumption and potential trip fuel savings."

The research questionsto be answered are the following:

1. What are the effects on aircraft performance associated with operating an electrically driven bleed-air-
free air cycle system based environmental control system at aircraft level?
(a) Which parameters have a large effect on results and which are negligible?
(b) What are the implications of operating the refrigeration system under various conditions?
(c) Whatis the trip fuel for a common design mission?

2. What are the effects on aircraft performance resulting from the integration of an electrically driven
bleed-air-free vapour compression cycle based environmental control system at aircraft level?

(a) What is the impact on the speci c fuel consumption when varying the electrical power off-takes
from the engine?
(b) What are the implications of operating the refrigeration system under various conditions?

(c) What is the impact on the trip fuel when replacing a conventional electrically driven air manage-
ment system with an electrically driven vapour cycle refrigeration system?



BACKGROUND INFORMATION

The process of designing a novel system can only commence once the existing body of knowledge is iden-
ti ed and thoroughly understood. Table 2.1 provides a consolidated view of the various contributions anal-
ysed during the literature review, highlighting the main aspects relevant to the proposed research. The vari-
ous contributions can be classi ed as modelling and simulation studies, optimisation studies, experimental
studies, methodology articles and review articles.

Table 2.1: Literature review - contribution types and main aspects

Type of contribution Main aspects

« Mathematical models of components (energy or exergy based)
 Simulation methods for vapour cycle systems

» Working uid selection and impact on coef cient of performance
Optimisation studies * Thermodynamics optimum of heat exchangers

* Novel control methods

* Validation examples of air and vapour cycle based systems
Static and dynamic tests

Methodology articles * Integration of novel subsystem architectures at aircraft level

« Recent developments of miniature centrifugal compressors

» Review of environmental control systems in other research elds

Modelling and simulation studies

Experimental studies

Review articles

The background information presented in this chapter investigates data obtained from the chosen literature
sample in the following order. Section 2.1 provides an overview of more electric aircraft technologies includ-
ing propulsion con gurations and electrical power systems. Section 2.2 presents a classi cation of existing
environmental control system con gurations with an additional consideration of novel cycles described in

various patent applications, followed by fundamentals of vapour compression cycles covered in Section 2.3.

2.1. MORE ELECTRIC AIRCRAFT TECHNOLOGIES

The technologies installed on more electric aircraft having an impact on the environmental control system's
functioning are related to the propulsion con guration and the electrical power systems. The major trends
in propulsion con gurations are presented in Subsection 2.1.1, followed by a review of electric power system
architectures presented in Subsection 2.1.2.

2.1.1. PROPULSION SYSTEM CONFIGURATION

Propulsion systems have seen an increase in bypass ratio throughout their development. The highest bypass
ratio in conventional gas turbine engines currently in operation is achieved in the Pratt & Whitney PW1100

G geared turbofan. By using a gearbox to decouple the fan from the compressor, a large fan with a diameter
of 205 cm could be installed leading to a bypass ratio of 12:1 . As the bypass ratio increases and the engine
cores become more compact, there is a higher impact of bleed air extraction on the speci ¢ fuel consump-
tion. Using the high bypass ratio RB211 turbofan presented in Figures 2.1 and 2.2 as a reference engine, a
study was conducted in Britain in the period 1985-1987 under the name "Zero bleed secondary power system
study". The outcome of the investigation showed a 1 % decrease in fuel consumption by eliminating the bleed
systems. It must be considered that the selected reference engine was originally designed for bleed extraction

1URL https://www.pw.utc.com/products-and-services/products/commercial-engines/Pratt-and-Whitney-GTF-Engine/
[cited November 29, 2018]
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and relatively small amounts of mechanical power extraction, thus higher saving potentials could be reached
by developing propulsion units tailored to all electric applications [27].

Figure 2.1: RB211 - front view [Own photo - taken on November 17,  Figure 2.2: RB211 - back view [Own photo - taken on November 17,
2017 at Royal Air Force Museum Cosford] 2017 at Royal Air Force Museum Cosford]

To understand the effects of power off-takes on fuel consumption, a theoretical study was carried out on the
CF6-80EL1 reference engine. Using the exergy analysis method to model a three wheel bootstrap environmen-
tal control system, it was determined that an electrical power off take results in 2 % fuel savings as compared
to using bleed air for driving the ECS if the system operates with 50 % recirculation [1]. The variation of thrust
speci ¢ fuel consumption with various mission phases is presented in Figure 2.3. It can be seen that the bleed
air off take has a higher impact on fuel consumption than the electrical power off take.

Figure 2.3: Bleed system [1]

To appreciate the potential bene ts of bleed-air-free architectures it is useful to develop an understanding
of the working principles behind typical bleed systems and their constituent components. Considering the
bleed system presented in Figure 2.4, air can be extracted from various bleed ports such as the intermediate
or high pressure stage of the compressor. This extraction is achieved by a series of non return valves, high
pressure shut off valves and pressure reducing shut off valves that control the air pressure prior to entering the
pre cooler . Other than meeting the pressurisation, heating and ventilation functions of the environmental
control system, the bleed system can also be used to assist the engine during the start-up cycle, provide wing
and engine ice protection, actuate thrust reversers or pressurise hydraulic reservoirs [2, pp. 244-258].
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Figure 2.4: Bleed air extraction system architecture [2, p. 244]
A shift towards bleed-air-free designs is identi ed for the propulsion units of more electric aicraft, such as
in the case of the Rolls Royce Trent 1000 © or the General Electric GEnx-1B °. Unlike the Trent family, the
GEnx platform offers both a pneumatically equipped option under the name of GEnx-2B currently installed
on the Boeing 747-8, as well as a bleedless variant under the name of GEnx-1B installed on the Boeing 787.
Performance data of both variants including their derivatives is presented in Table 2.2 .
Table 2.2: GEnx platform engine options - geometric and performance speci cations
GEnx General -1B70 -1B74 -1B76 -2B67
Characteristics (B787-8) (B787-9) (B787-10) (B747-8)
Takeoff thrust 69800, 310 | 74100, 329 | 76100, 338 | 66500, 296
(Ibs-force, kN)
Bypass ratio
(takeoffftop-of-climb) 9.3/8.8 9.1/8.6 9.1/7.9 8.0/7.4
I i
Overall pressure ratio | 5 000 3 | 453554 | 47.4/58.1 | 44.7/52.4
(takeoff/top-of-climb)
Air mass ow
(takeoff, Ibs-mass/sec) 2559 2624 2658 2297
Fan diameter 111.1",282 | 111.1",282 | 111.1",282 | 104.7", 266
(in, cm)
Baseenginelength | g, 7 469 | 184.7,469 | 184.7,469 | 169.7,431
(in, cm)
Compressor stages
( Fan/Booster/HPC) 1/4/10 1/4/10 1/4/10 1/3/10
Turbine stages
(HPILP) 217 217 217 2/6
Combustor SAC/TAPS | SAC/TAPS | SAC/TAPS | SAC/TAPS
Control FADEC Il FADEC IlI FADEC Il FADEC Il
2yRL https://www.rolls-royce.com/products-and-services/civil-aerospace/airlines/trent- 1000.aspx/ [cited Oc-

tober 20, 2018]

3URL https://www.geaviation.com/commercial/engines/genx-engine

4URL https://www.geaviation.com/sites/default/files/datasheet-genx.pdf

[cited October 20, 2018]

[cited October 20, 2018]
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2.1.2. ELECTRIC POWER SYSTEM ARCHITECTURES

Aircraft power system architectures consist of generation systems, transformation and distribution systems
and consumers. The power provided by the propulsion system can be divided into main power required for
thrust and secondary power required to drive the remaining aircraft systems. As the environmental control
system is dependant on secondary power it is important to understand the various ways the engine can pro-
vide it [28]. The secondary power can be divided into pneumatic, hydraulic and electric power [2, pp. 81-83].
In case of conventional aircraft the secondary power represents up to 5 % of the mission fuel [29, pp. 235-
290]. With the advent of more electric aircraft the role of pneumatic and hydraulic power has been gradually
replaced by electric power systems[30]. A detailed comparison between conventional and electric subsystem
architectures is provided in Figure 2.5. It can be seen that in the case of electric subsystem architectures the
secondary power off-takes come exclusively in the form of shaft power, thus increasing the shaft horsepower
extraction penalty as compared to conventional subsystem architectures.

Figure 2.5: Secondary power usage: conventional versus electrical subsystem architectures [3]

Electrical power systems can be categorised as either constant or variable frequency generators. Constant
frequency generators, as shown in Figure 2.6, are connected to the variable speed shaft of the engine through
a constant speed drive. The constant speed drive is a variable ratio transmission gearbox used to convert the
variable speed provided by the engine into constant speed required by the constant frequency generator [4].
Figure 2.7 shows an example of a variable frequency generator, with the generator being connected directly
to the variable speed shaft of the engine.

Figure 2.7: Variable frequency generator con guration [4]
Figure 2.6: Constant frequency generator con guration [4]

The use of constant frequency systems on-board commercial transport aircraft dates back to 1958, as shown
in Table 2.3 which provides a historical perspective of generator development for aerospace applications. It

can be seen that a direct current (DC) constant frequency generator rated at 30 kVA was available for the
Boeing 707. The highest rated constant frequency generators still used today are installed on the Boeing 777
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and 767-400ER, reaching a power of 120 kVA [4]. Having two engines with one generator mounted on each of
them, the total resulting power provided by the main generators equals 2x120=240 kVA.

Table 2.3: Power ratings for constant frequency generators [4]

. Firstyear Approx. Main Generators Power
Aircraft Model of se?lvice Passz(angir ca)pacity (Excluding APU)
Convair B-36 1949 (Military) 4x30kVA
Boeing B-52H 1955 (Military) 4x60kVA
Boeing 707 1958 219 4x30kVA
Boeing 727 1964 189 3x38kVA
Vickers VC10 1964 151 4x40kVA
Boeing 737 (NG) | 1968 (1997) 210 2X90kVA
Airbus A320 1987 220 2x90kVA
Boeing 747-800 1988 660 4x90kVA
Boeing 767-300ER 1988 258 2x90kVA
Airbus A340 1991 375 4x90kVA
Airbus A330 1992 335 2x115kVA
Boeing 777 1994 396 2x120kVA
Boeing 717 1999 100 2x40kVA
Boeing 767-400ER 2000 256 2x120kVA

The electrical power systems making possible the transition to more electric aircraft consist of variable fre-
guency generators (VFG) connected to the high pressure spool of the engine. The main reason for connecting
the generator to the high pressure spool (N2 shaft) instead of the low pressure spool (N1 shaft) is that the N2
shaft has a higher speed of rotation allowing to decrease the size of the generator. Another reason leading to
this design choice is the speed variation of the N2 shaft which occurs in a smaller range compared to that of
the N1 shaft, as shown in Table 2.4 [4].

Table 2.4: N1 and N2 speed variations [4]

Engine Aircraft N1(100%) | N2(100%) | Nimax | NZ2max
Series (example) [rpm] [rpm] Nlmin | N2min
EA GP7200 A380 2467 10998 6.1 19
CFM56 B737 5175 14460 52 18
GEnx-

o B747-8 2560 11377 6.7 2.3
PW1100G | A320neo N/A N/A 57 18
GE CF34-8C1 B“‘z'gtess 7400 17820 N/A 18
IAE V2500 A320 5650 14950 z N/A
PW300 B“‘E'Qtess 10608 26956 N/A 16
GE90 B777 2261 9331 6.1 17

State of the art power generation architectures include the 150 kVA generator mounted on the Airbus A380 or
the 250 kVA generator mounted on the Boeing 787 [4]. The advantages of using a variable frequency generator
for generating electricity as opposed to a conventional constant frequency generator are the following:

< Eliminating the constant speed drive . The elimination of this gearbox in case of variable frequency
generators resulted in decreasing the overall weight, increasing the reliability and increasing the energy
conversion ef ciency of the electrical power system [2] [31] [32] .

« Eliminating the main engines starters . A variable frequency starter generator (VFSC) can be operated to
start the engines, eliminating the traditional air starter and associated bleed manifolds used in conven-
tional propulsion systems, thus contributing to a decrease in the propulsion system weight [33] [34].
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2.2. ENVIRONMENTAL CONTROL SYSTEMS CONFIGURATIONS

The main functions of environmental control systems for aerospace applications consist of providing cool-
ing, heating, pressurisation, ventilation and dehumidi cation for the cabin, cockpit and cargo compartments

[2, pp. 259-295]. Design drivers depend on the type of aircraft, commercial or military, leading to different re-
quirements including but not limited to aspects such as mass air ow, heat load and energy consumption.
The ECS itself is an assembly of subsystems [35]. Conventional ECS installed on most commercial transport
aircraft ying today consists of the following systems: air distribution system (ADS), temperature control sys-
tem (TCS), air conditioning system (ACS), ventilation control system (VCS) and pressure control system (PCS)
[36]. The aforementioned list is not exhaustive as optional equipment may be added to the ECS according to
each airline's requirements.

Depending on the form in which the secondary power is used to drive the environmental control system,
various architectures can be identi ed. The rst category consists of conventional refrigeration cycles using
bleed air provided by the engines, while the second consists of electric driven refrigeration cycles that operate
independently from the engines. The two architectures just mentioned can be further classi ed as air cycle
systems or vapour cycle systems depending on the working uid and type of refrigeration cycle used.

2.2.1. AIR CYCLE APPLICATIONS

Traditional environmental control systems for aerospace applications rely on bleed air extracted from the
propulsion system in the form of pneumatic power. This is made possible by extracting air from the high
pressure stage of the compressor and using it to drive subsystems such as the air cycle machine [2, pp. 240-
243]. The air cycle machine can be con gured in various ways depending on the number and arrangement
of components as shown in Figure 2.8. The base con guration, called the simple air cycle, consists of a fan
and a turbine connected on a common shaft. Replacing the fan with a compressor results in the bootstrap
cycle which consists of a turbine and a compressor being connected on the same shaft [9, p. 1197]. The
third option is the three wheel bootstrap cycle that consists of a compressor, a fan and a turbine mounted
on the same axis and rotating at the same speed. The three basic con gurations mentioned above can be
seen as building blocks that can be used to construct more elaborate ECS architectures. Adding an additional
cooling turbine to the three wheel bootstrap cycle, a four wheel cycle is obtained. Other components that can
be added to an air cycle system include condensers, reheaters, recirculation systems, water separators, check
valves and additional heat exchangers [36].

Figure 2.8: Air cycle machines [5]

Aircraft with a traditionally con gured ECS based on the air cycle system can be classi ed according to the
type of air cycle machine and water separation system used, as presented in Table 2.5. The most rudimentary
form of an air cycle machine installed on-board commercial transport aircraft is the two wheel simple system
which found application in the Lockheed XC-35 introduced in 1935 and being the rst aircraft to employ

a pressurised cabin [37, p. 36]. Since then the air cycle machines became more complex, still being used
today on-board commercial aircraft in the form of two, three or four wheel bootstrap systems. The latter
con guration is considered to be the most advanced as it consists of four wheels mounted on the same shaft,
namely a compressor, a fan and two cooling turbines.



2.2. ENVIRONMENTAL CONTROL SYSTEMS CONFIGURATIONS 9

Table 2.5: Types of environmental control systems using air cycle machines [23]

System Type Application Aircraft
Two-wheel Simple System XC-35, AN-24, I1L-18, IL-62, M-19, M-21fa
Low Pressure B707-300, B727, B737-300, B737-500,
Water Separation MD-80, MD-90, DC-9

Two-wheel

High Pressure
Bootstrap System 9

Water Separation F-18, T46A, B737-400, ATR-72

Low Pressure MD-95, A300, A310, B747-400, DC-10,
Water Separation L-1011, B737-600, B737-700
A320, A330, A340, BAE-146, B737-800, B737-900,
B747-800, B757, B767, B787(E-ECS)

Three-wheel
Bootstrap System | High Pressure Water Separation

Four-wheel

Bootstrap System B777, A380

At this point a distinction can be made between low pressure and high pressure water separation systems [9,
p. 1198]. Water separators are required to remove the moisture from the air which forms during the operation
of the refrigeration unit. Low pressure water separators are mounted downstream of the cooling turbine of
the air cycle machine, having a coalescer bag and a vortex generator as the main components. Looking at
Figure 2.9 the air inlet leads directly to the coalescer where ne water particles contained by the humid air
are converted to large water droplets. The separation process starts as the water droplets pass through the
vortex generator during which a centrifugal force directs the water to the collector section of the separator.
As the name suggests, air has already been expanded in the turbine and is at low pressure when entering the
water extractor. The integration of a low water separation system in the environmental control system of the
McDonnel Douglas DC-10 is presented in Figure 2.12.

Figure 2.9: Low pressure water separator [6, p. 569]

The alternative comes in the form of a high pressure water separator system mounted upstream of the cool-
ing turbine. This more elaborate con guration, presented in Figure 2.10, consists of a water extraction loop
including a reheater, a condensing heat exchanger and a water extractor. As humid air enters the hot side
of the reheater its temperature is decreased followed by further cooling taking place in the hot side of the
condenser. At this point the temperature of the water mixture is decreased up to the dew point using cold air
coming from the turbine's outlet. This results in the formation of water droplets that are then removed from
the air/water mixture once they enter the water extractor, further detailed in Figure 2.11. Before entering the
cooling turbine, the air passes through the cold side of the reheater where its temperature is increased [7]. An
application of this system is presented in Figure 2.13 part of the environmental control system of the Airbus
A321.
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Figure 2.10: High pressure water separator - extraction loop [7]

The water extractor itself is much simpler than the one used for the low pressure water separator system.
Considering the assembly depicted in Figure 2.11 the air and water mixture enters the extractor's inlet, being
directed towards the swirler where the separation process takes place under the action of centrifugal force.
Once removed from the mixture the water passes through the water collector. At this point two outlets are

located, one for air outlet and the other for the water outlet [8]. Compared to a low pressure water separation

system, the high pressure alternative is preferred as it provides a higher cooling capacity due to the fact that
increased amounts of water can be compressed at higher pressure [38] .

Figure 2.11: High pressure water extractor [8]

Using air as the working uid, the reverse Brayton cycle is the basis of air cycle systems con gurations. Its
working principles are introduced using the environmental control unit installed on board the McDonnel
Douglas DC-10 as shown in Figure 2.12. Its three wheel bootstrap air cycle machine is built around three ro-
tating aerodynamic impellers, namely a fan, a compressor and a turbine connected on the same shaft rotating
at speeds of up to 50,000 rpm. Before entering the compressor of the air cycle machine, bleed air provided
by the engine is preconditioned for temperature and pressure through a series of ow control valves. Ram
air powered by the fan is used as a temperature sink providing the cooling capacity of the heat exchanger in-
stalled downstream of the compressor. This is required to reduce the temperature of the air prior to entering
the turbine where further cooling is achieved. Before being directed towards the cabin, humid air coming
from the turbine is passed through the water separator which is of low pressure type and installed down-
stream of the cooling turbine. The collected water can be further used to enhance the cooling capacity of the
heat exchanger by means of a channel leading to a water injector. As the system is designed to operate under
various atmospheric conditions depending on different ight phases, part of the air cycle machine can be
bypassed during cruise. This is possible by controlling the turbine bypass valve which allows compressed air
to enter the cabin directly as conditioned air, without going through the turbine [6, pp. 573-574].
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Figure 2.12: McDonnel Douglas DC-10 ECS: Three wheel bootstrap with low pressure water separator [6, p. 574]

A slightly advanced derivation of the three wheel bootstrap cycle can be found installed on the Airbus A321,
featuring a high pressure water separation system. This con guration, presented in Figure 2.13, has a similar
functioning principle as the three wheel system previously discussed above but its complexity is raised due
to the integration of additional heat exchangers. In this case the preconditioned bleed air rst goes through
the main heat exchanger where its temperature is reduced prior to entering the air cycle machine. Air at
high temperature and pressure coming from the compressor is directed towards a second heat exchanger,
called the main heat exchanger, which removes the heat of compression. Between the compressor and the
turbine the high pressure separation system is installed consisting of a reheater, a condenser and a water
extractor connected in cascade. The system is considered to be more ef cient than its three wheel bootstrap
counterpart equipped with low pressure separation system due to the increased temperature range. Having
a high pressure water separation system extends the operational envelope of the air coming from the cooling
turbine up to -50 * Celsius, while the temperature limit of low pressure systemsis 0 * Celsius [9, p. 1198].

Figure 2.13: A321 ECS: Three wheel bootstrap with high pressure water separator [9, p. 1199]
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Four wheel bootstrap systems include an additional turbine downstream the condenser and are considered

to be more energy ef cient than equivalent three wheel bootstrap systems [39]. Figure 2.14 presents the
environmental control system of the Boeing 777 which involves the condensing cycle technology. Equipped
with a high pressure water separator, the functioning principles of this air cycle machine are similar to the
one of the Airbus A321 described above in Figure 2.13, with the only difference coming from passage of air
once it exits the rst stage turbine. In case of a three wheel bootstrap cycle, air exits the rst stage turbine with

a temperature of -40 * Celsius in order to reach the required temperature of 3 * Celsius after passing through
the condenser and being mixed with recirculated air from the cabin. In case of the four wheel bootstrap cycle,

air exits the rst stage turbine with a temperature of 2 * Celsius, goes through a temperature rise of up to 37 *
Celsius at the condenser exit and leaves the second turbine with a temperature of -12  * Celsius. Not having to
cool the air to -40 degrees as in the case of the three wheel bootstrap cycle leads to energy savings in the case
of four wheel bootstrap cycle [10].

Figure 2.14: Boeing 777 ECS: Four wheel bootstrap with high pressure water separator [10]

As the aviation industry evolved towards more electric aircraft con gurations, great emphasis was placed
towards the bene ts of bleedless propulsion based environmental control systems. Since bleed system tech-
nology relies on components such as bleed air manifold and pre-coolers that add complexity and weight
to the propulsion system, the process of bleed air extraction is seen as an exergy loss that reduces the to-
tal thrust an engine could potentially produce [40]. Completely eliminating the bleed system required ex-
tracting secondary power in the form of electric power using more ef cient electrical machines such as the
variable frequency generators currently manufactured by UTC Aerospace Systems or Safran Electrical and
Power. Shifting from pneumatic to electrical power allowed the elimination of the conventional bleed sys-
tems, allowing to leverage on the bene ts of bleed-air-free propulsion systems. The electric air conditioning
con guration originally proposed by The Boeing Company in a patent application [41] is now present in the
industry as a subsystem installed on-board the Boeing 787, consisting of an air cycle system linked to a bleed-
less engine setup. The air cycle machine itself is a three wheel bootstrap with high water separation system,
as described previously in Figure 2.13. The novelty comes from the overall system architecture which makes
use of an electric driven compressor to meet the pressurisation requirement, as opposed to bleed air [42].

Considering Figure 2.15, the novelty of an all electric con guration comes from the management of air supply
at the systems’s inlet. Fresh air enters the system at point (a) and is compressed using an electric driven air
compressor up to point (1) where it enters the primary heat exchanger labelled HX1. From point (1a) onward,
the working principles of the all electric system are the same as those of a conventional air cycle system
coupled to a bleed based architecture. Simulation studies of a similar all electric based environmental control
system revealed that the main exergy destruction was located in the main heat exchanger and the mixer [43],
while in the case of con gurations coupled to bleed systems the highest impact on the air cycle's coef cient
of performance was determined to be the gas turbine's compressor [44].
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Figure 2.15: Schematic layout of state-of-the-art electrically driven environmental control system based on traditional air cycle
technology - Boeing 787 application [11]

2.2.2. VAPOUR CYCLE APPLICATIONS

An alternative to using air as the working uid comes in the form of vapour cycle system refrigeration [45,
pp. 493-494]. Consisting of a vapour compression cycle in combination with a pneumatic powered con gu-
ration this option was available for older generation large transport aircraft such as the Douglas DC-8, Convair
880 and some options of the Boeing 707 and 720 [12, pp. 22-27]. The refrigeration units themselves can be
classi ed according to the con guration of the vapour compression cycle. Depending on the components
used and their arrangement, vapour cycle systems can be classi ed as either subcooling cycles, expansion
loss recovery cycles or condensing cycles [15]. Compared to traditional air cycle systems, the coef cient of
performance in case of vapour compression refrigeration units can be up to ve times higher, resulting in
increased thermal ef ciency [2, p. 276].

Considering the refrigeration unitinstalled on board the Boeing 707 and 727 variants presented in Figure 2.16,
the four basic components of a vapour compression cycle can be identi ed as the refrigerant compressor,
the condenser assembly, the expansion valve and the evaporator assembly. Refrigerant in gaseous state is
compressed in the compressor which raises its temperature and pressure. To remove the heat of compression,
a condenser assembly is used, allowing heat transfer between refrigerant and ram air, the latter serving as the
cooling medium. During condensation the refrigerant state changes from vapour to two phase ow and
nally to liquid. The expansion valve is used to decrease the refrigerant's pressure and temperature prior to
entering the evaporator assembly in which the temperature of the ow coming from the cabin is reduced to
meet the cooling requirements. Looking at the other components of the system, a sub-cooler assembly can
be identi ed allowing to classify the refrigeration set-up as a subcooling cycle. The sub-cooler itself is a heat
exchanger allowing heat transfer between the refrigerant in liquid state prior to entering the evaporator and
cold refrigerant gas coming out from the evaporator. The resulting heat transfer aims to prevent premature
vaporisation of refrigerant prior to entering the evaporator [12, pp. 22-27].
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Figure 2.16: Boeing 707 ECS: Refrigeration unit [12, p. 22]

2.2.3. HYBRID AIR/ VAPOUR CYCLE APPLICATIONS

Novel con gurations including an air cycle system, a vapour cycle system and a traditional bleed set-up have
been proposed in different patent applications [13] [46], giving birth to the so-called hybrid or integrated air
and vapour cycle cooling systems. Considering US Patent 2017/0057641 A1 [13] depicted in Figure 2.17, the
refrigerant compressor of the vapour cycle system is driven by the turbine of the air cycle system to which

it is connected through a magnetic coupling. Although the complexity of a hybrid system is increased, its
attractiveness comes from the potential to minimise the fuel penalty associated with bleed air extraction as
compared to a traditional air cycle based con guration.

Figure 2.17: Hybrid system patent [13]
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A hybrid air and vapour cycle con guration has found application in the business jet market, being currently
installed in the Cessna Citation CJ4 which has a cooling system that operates independently from the pres-
surisation and heating systems. Similar to a traditional bootstrap con guration, the air cycle system is driven
by bleed air extracted from the gas turbine's compressor, with the left engine supplying air for the ight deck
and the right engine supplying air for the cabin. The vapour cycle system, used only for cooling purposes,
comprises of different components installed either inside the pressurised cabin or in the tailcone. The con-
densing unit comprising of the refrigerant compressor and condenser assembly are installed in the tailcone,
while the three evaporator assemblies together with the required cold air ducting and expansion valves are
installed in the pressurised compartment of the cabin ~ °.

Hybrid con gurations involving polyalphaole n (PAO) loops have also been proposed for military applica-
tions in which the cooling of the cockpit is linked to that of the avionics by means of various subsystems
[14]. Figure 2.18 presents such a con guration consisting of seven integrated subsystems including the 1)
fuel system, 2) air cycle system, 3) vapour cycle system, 4) oil loop, 5) cold PAO loop, 6) a hot PAO loop and 7)
hydraulic system. Used for meeting the cooling requirements of the cabin, the air cycle system is coupled to
the vapour cycle system through a heat exchanger connected to the hot PAO loop. The cold PAO loop trans-
ports dissipated heat loads from avionics to the vapour cycle system, the heat transfer being conducted in the
evaporator. The hot PAO loop transports heat rejected by the vapour cycle system to the fuel which acts as
a heat sink. This strategy allows to decrease the size of the ram air ports, thus reducing the fuel penalty due
to drag loss. A military application of the vapour compression system using R134a refrigerant as the working
medium is currently available for the F22-Raptor ghter jet [47]. Considering the complexity of integrated
systems, control strategies can have a high impact on system performance. Experimental studies compar-
ing the superheat and capacity control strategy with the alternate cycle-based strategy identi ed a higher
coef cient of performance in case of the latter as it did not require back pressure control valves [48].

Figure 2.18: Hybrid system for military applications [14]

SURL http://www.omnijet.com/forsalecessna/citationcj4.pdf [cited October 20, 2018]
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2.3. THERMODYNAMIC CYCLES FOR REFRIGERATION SYSTEMS

In this section the fundamentals of vapour compression refrigeration cycles are introduced. Based on the
inverse Rankine cycle, the vapour compression cycle is the foundation of vapour compression refrigeration.
While the reverse Brayton cycle uses air as the working medium, the vapour cycle technology make use of a
refrigerant medium circulating inside a closed system. Vapour cycles can be classi ed into three major cate-
gories: compression, absorption and adsorption cycles. This section is focused on describing the functioning
principles behind compression systems, starting with the simple reverse Carnot cycle up to more elaborate
derivations including multistage cycles.

2.3.1. OVERVIEW OF VAPOUR COMPRESSION REFRIGERATION CYCLES

The starting point in analysing refrigeration systems is understanding the possible improvements that can be
applied to a typical vapour compression cycle, identi ed as the typical VCC curve in Figure 2.19, allowing to
increase its coef cient of performance up to the values associated with a theoretical Carnot cycle. The trend
of coef cient of performance variation with evaporation temperature for different cycles is based on a simu-
lation performed by Park et al [15] and shown in Figure 2.19. It can be seen that the coef cient of performance
variation with evaporation temperature is dependent on the chosen cycle, thus choosing an appropriate cycle
can have an impact on the thermodynamic performance of the environmental control system.

Figure 2.19: Variation of coef cient of performance with cycle options [15]

2.3.2. REVERSECARNOT CYCLE

The rst vapour compression cycle to be discussed is the reverse Carnot cycle. Presented in Figure 2.20 and
also called the Carnot refrigeration cycle, it serves as the perfect model for a refrigeration cycle operating be-
tween two xed temperatures. This is made possible by modelling all the processes as internally reversible
and having no external irreversibilities between the working uid and the environment [16, p. 29].

One component of the reverse Carnot cycle is the isentropic compressor used to raise the pressure and tem-
perature of the gaseous refrigerant while changing its state from saturated vapour to superheated vapour. In
order to maintain constant temperature during phase change, a machine operating under the reverse Carnot
cycle requires an additional compressor, called an isothermal compressor. Mounted downstream the con-
denser, its role is to reject heat at constant ambient temperature T while maintaining constant pressure in
the two phase region of the refrigerant. Once in the condenser, the refrigerant changes state from vapour to
saturated liquid. The process is followed by an isentropic expansion which takes place in an isentropic ex-
pander forcing the refrigerant in liquid state to transform into a mixture of liquid and vapour. In the evapora-
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tor heat is withdrawn from the region to be refrigerated and the refrigerant state is transformed into saturated
vapour prior to entering the isentropic compressor [16, p. 29].

Figure 2.20: Reverse Carnot cycle [16, p. 29]

Assessing the ef ciency of a refrigeration cycle can be done by computing its coef cient of performance,
de ned as the ratio between the useful refrigerant effect and the energy input required to operate the cycle.
For a vapour compression cycle, the coef cient of performance can be obtained using Equation 2.1 [16, p. 25].
The resulting number, expected to be higher than 1 in case of a vapour cycle unit, can be interpreted in the
following way: let's consider a resulting COP equal to 5. This indicates that for each kW of electricity provided
to the system the result will be 5 kW of cooling.

Useful refrigeration effect
COPA . (2.1)
Net energy supplied from external sources

At this point a distinction can be made between operating the vapour compression cycle as a refrigerator or as
a heat pump. In case the system is required to provide cooling, thus operating as a refrigerator, the coef cient
of performance can be calculated by dividing the heat ow in the evaporator by the net work required to
operate the system, as shown in Equation 2.2. Otherwise if the system is required to provide heating, it is
considered to operate as a heat pump and its coef cient of performance can be then calculated by dividing
the heat ow in the condenser by the net work of the system, as shown in Equation 2.3.

QL

QH
Co F>refrigerator 'CEW (2-2) Cco Pheater /EVV_ (2-3)

net net

Implementing the Carnot refrigeration cycle into a practical machine would result in high initial cost and
increased maintenance requirements [16, p. 29]. In the next section, a more practical system is introduced
in the form of a theoretical single stage vapour compression cycle, serving as the ideal cycle for vapour com-
pression refrigeration systems.

2.3.3. IDEAL VAPOUR COMPRESSION CYCLE

Considered to be the ideal cycle for vapour refrigeration systems, the basic vapour compression system pre-
sented in Figure 2.21 contains four basic components: an evaporator, a compressor, a condenser and an
expansion valve. The system is obtained by slightly altering the reverse Carnot cycle presented above in Sec-
tion 2.3.2. The main modi cations aimed at making the refrigeration Carnot cycle more practical and thus
transforming it into the ideal vapour compression cycle, also known as the inverse Rankine cycle, include
removing the isothermal compressor and replacing the isentropic expander with a simple expansion valve.
While the rst modi cation results in a temperature drop of the refrigerant at the compressor exit prior to the
phase change, the latter results in an entropy increase during expansion. Having a simple expansion device
instead of a cooling turbine is motivated by the fact that operating the turbine inside the saturation curve of
the working uid would result in a relatively small amount of power produced as compared to the compressor
input power, due to the low isentropic ef ciency reached in the two phase mixture [49, p. 612]. The refrigerant
saturation curve divides the thermodynamic cycle into different regions depending on the refrigerant state,
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including saturated liquid, saturated vapour, superheated vapour, sub-cooled liquid and two phase mixture.
Inside the saturation curve the refrigerant exists in a two phase state characterised by a variable 'x' named
quality, ranging from O (pure liquid) to 1 (pure vapour).

Actual refrigeration systems differ slightly from the ideal vapour compression cycle. For example the refriger-
ant would enter the compressor as a superheated vapour rather than a saturated vapour. This procedure can
be controlled by the degree of superheat applied to the system in order to ensure there is no liquid entering
the compressor. Another aspect to be considered is the degree of subcooling applied to the system. Including
additional subcooling is performed in order to have the inlet of the expansion valve operating outside the
saturated liquid line, with the refrigerant in a sub-cooled liquid state.

Figure 2.21: Ideal vapour compression cycle including the components of the system (top side of gure) as well as the associated T-S
and p-h diagrams (bottom side of gure) [16, p. 30]

Refrigerant in a state of low pressure vapor enters the compressor at point (1). Enclosing the compressor in a
control volume the resulting mass and energy rate balance equations reduce to the expression presented in
Equation 2.4, allowing to calculate the work done by the compressor as a function of isentropic enthalpy rise.

We Amy (h2i ha) (2.4)

Following the compression process, refrigerant goes in the condenser at point (2) where heat is rejected to
the ambient sink at a rate shown by Equation 2.5. Notice that the heat rejected by the condenser is higher
than the cooling provided by the evaporator since the vapour cycle unit needs to also dissipate the additional
heat coming from the compression process. This veri cation can be performed by comparing the result of
Equation 2.5 with that of Equation 2.6.

Weond My (h2j h3) (2.5) Weond AWevap AWcomp (2.6)

2.3.4. ADVANCED VAPOUR COMPRESSION CYCLES

This section describes various con gurations aimed at improving the ef ciency of the ideal vapour compres-
sion cycle presented earlier in Section 2.3.3. The thermodynamic losses that are sought to be minimised by
employing advanced cycle con gurations cover high discharge refrigerant temperatures, high compression
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work, high condenser heat release, throttling losses and low refrigerant capacity. The advanced cycles con-
sidered include subcooling, expansion loss recovery and multi-stage con gurations.

Subcooling cycles make use of various components such as suction line heat exchangers, thermoelectric
subcoolers or mechanical subcoolers. Suction line heat exchangers (SLHX), also known as internal heat ex-
changers, can be integrated into a vapour cycle system as shown in Figure 2.22. The role of the internal heat
exchanger is to allow the isenthalpic process occurring in the expansion device to resemble an isentropic pro-
cess. Located between the condenser outlet and the expansion valve inlet, the SLHX decreases the enthalpy
at the evaporator inlet resulting in increased evaporator capacity. Based on an experiment conducted by
Preissner et al [50] on an automotive air conditioning application, the resulting increase in coef cient of per-
formance was recorded in the order of 5-10 % while using refrigerant R134a and a SLHX with effectiveness in
the range of 55-65 %. Experiments conducted with different refrigerants such as R-22, R-32 and R-717 showed
detrimental effects on the coef cient of performance with one responsible factor being the pressure losses
in the internal heat exchanger itself, highlighting the importance of refrigerant selection for the refrigeration
cycle con guration [51].

Figure 2.22: VCS with SLHX [15]

Research in the area of vapour compression refrigeration with mechanical subcooling has been performed
since 1994 by Zubair [52] which aimed to increase the thermodynamic performance of refrigeration systems
operating under extreme conditions with large temperature variation between the condenser and the evap-
orator. As the coef cient of performance degrades with increased temperature difference between the con-
denser and the evaporator, adding a mechanical subcooling loop allows to decrease the temperature of the
liquid refrigerant coming out of the condenser. The resulting system based on an inverter-driven sub-cooler
compressor resulted in 85 % reduction in power input, 65 % lower irreversibility rate and 20 % reduction in
refrigerant ow rate.

Based on the Peltier effect, a thermoelectric subcooler device consisting of thermoelectric modules and two
heat exchangers can be installed between the outlet of the condenser and the inlet of the expansion valve.
The advantage of thermoelectric subcoolers is that they have no moving parts, thus promoting system reli-
ability and requiring little maintenance. A simulation study performed by Winker et al [53] involving a CO;
vapour compression system equipped with a thermoelectric subcooler showed improvements in the cooling
capacity of 20 % and a 16% increase in the coef cient of performance.

Expansion loss recovery cycles consider the thermodynamic loss associated with the isenthalpic process oc-
curring in the expansion device. To approach isentropic conditions during expansion, either an expander or
an ejector can be installed instead of the typical expansion valve. Figure 2.23 presents the basic expander
cycle, however it must be considered that various other con gurations are available depending on how the
expander is connected to the compressor. The expander device, modelled as a compressor working in re-
verse, helps improving the coef cient of performance by increasing the cooling capacity and reducing the
compressor power consumption. First law estimations performed by Huff et al [54] for expander equipped
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cycles predicted coef cient of performance improvements in the order of 40-70% and cooling capacity incre-
ments in the order of 5-15 %.

Figure 2.24 shows the integration of an ejector assembly into a basic vapour cycle system. The ejector assem-
bly is a device composed of a nozzle, a mixing chamber and an ejector, transforming expansion losses into
kinetic energy aiming to reduce compression work. Research covering ejector cycles performed by Li and
Groll [55] identi ed the performance of the separator as having an impact on the resulting improvements of
the coef cient of performance, which showed improvements of up to 16%, considering that liquid entering
the compressor would increase the compressor work.

Figure 2.23: Expander cycle [15]
Figure 2.24: Ejector cycle [15]

Aimed at increasing the coef cient of performance of cycles operating under extreme ambient conditions,
multi stage cycles allow to decrease the irreversibility during compression as compared to single stage con g-
urations. An optimisation study conducted by Baakeem et al [17] of the two stage cycle with ash intercooling
shown in Figure 2.25 considered the effect of eight different refrigerants whose properties are listed in Table
2.6. Using the conjugate directions method with sub-cooling, de-superheating parameters, evaporator and
condenser temperature as the optimisation variables, the maximum coef cient of performance achieved was
6.17 for ammonia while a minimum of 4.95 was recorded for R407C, again highlighting the coupling between
the coef cient of performance and refrigerant selection.

Figure 2.25: Multistage cycle [17]
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2.3.5. REFRIGERANT SELECTION AND THERMOPHYSICAL MODELLING METHODS

The criteria used to select refrigerants for air-conditioning applications include performance, safety and en-
vironmental impact [49, p. 620]. Refrigerants can be characterised as single component, also known as pure
refrigerants or azeotropic mixtures, or multi component, also called zeotropic mixtures. A single component
refrigerant is associated with constant phase change temperature, while for multi component refrigerants a
so-called temperature glide applies during phase change as opposed to truly isothermal heat transfer. Ther-
mophysical properties of eight different refrigerants are presented in Table 2.6, with one key refrigerant to be
highlighted being R134a which was used in developing the high speed compressor proposed by Aeronamic.

Table 2.6: Thermo-physical properties of various refrigerants [17]

Working medium selection plays an important role in the performance of refrigeration units since the re-
frigerant is coupled to the type of thermodynamic cycle used. In the case of organic Rankine cycles used
for electricity generation, criteria such as heat transfer area minimisation and heat recovery ef ciency were
proposed by Wang et al [56] part of a multi-objective optimisation model. The best performing refrigerants
were determined to be R123 for the temperature range 100-180 *Celsius and R141b for temperature higher
than 180*Celsius. Considering mobile refrigeration applications designed to meet both cooling and heating
requirements, selection criteria such as energy ef ciency are employed, with R134a as the most common
refrigerant [57]. One factor affecting refrigerant selection are the regulations imposed by the European Par-
liament under the Kyoto protocol which recently placed a ban on uoro-chemical refrigerants such as R134a
with the chemical formula CH,FCFs. For automobile applications newer than 2017, the limit on the global
warming potential was set at a maximum of 150 for 100 years integration. The R134a has a global warming
potential of 1430 for the 100 years time horizon ©, thus exceeding the imposed limit. This should be taken
into account when developing the new cycle due to the coupling between refrigerant selection and cycle per-
formance.

Methods for calculating thermophysical properties of refrigerants were documented by Ding [58] while de-
scribing recent developments in simulation techniques for vapour compression cycles, resulting in two main
categories: equation of state methods and advanced curve tting models. For the rst category accuracy is
more important than stability and speed, while for the latter stability and speed are more important than
accuracy. The equation of state method consist of a mathematical relation between pressure, speci c vol-
ume and temperature. While it can be used for predicting thermodynamic properties of refrigerants, it is
not suitable for simulations. The rst method falling under the curve tting category is the look-up table
method, representing an improvement over the equation of state method. It makes use of a prede ned set of
properties for each refrigerant that can be accessed through simulation. Since the prede ned properties are
only stored for a limited number of points, linear interpolation is required to obtain the data of neighbour-
ing state points. The disadvantage of this method is that it cannot meet the smooth requirement. Another
curve tting method is the explicit polynomial regression, based on a linear regression analysis using the
least square method as the delity criterion [59]. The nal curve tting method to be discussed is the im-
plicit regression and explicit calculation method. This allows to overcome the shortage in thermodynamic
properties available for some refrigerants by rst using implicit equations and then implementing analytical
solutions to obtain explicit equations for the saturated liquid line, saturated vapour line, two phase region
and superheated region [60].

SURL https://www.environment.gov.au/system/files/pages/78ecflc3-b519-4bbb-b415-a45b89e51a9e/files/
gwp-hfcs-and-blends.pdf  [cited January 7, 2019]






METHODOLOGY

The design methodology used to set up a simulation model running a novel refrigeration unit can be split
in a number of steps aimed at providing the required knowledge and tools needed to answer the research
question. Before the design of the systems can commence, the boundary conditions are de ned part of the re-
quirements engineering process. The design procedure continues with importing a base template containing
the geometric dimensions of the Airbus A320 platform into Sysarc, the design and simulation platform used
in the current research. At this point the system architecture is empty and the designer can start con guring
the desired network of subsystems to be used in the simulation. This is possible by selecting components
and placing them at precise locations around the aircraft. This part is known as the subsystem modelling and
integration at aircraft level.

The con guration of the refrigeration unit itself can start once the main requirement such as the cooling ca-
pacity of the system is known. This can be calculated by performing a heat load analysis which involves heat
loads estimations and methods to compute heat transfers due to convection, convention and radiation.

To assess the impact of subsystems at aircraft level an electrical loads analysis is carried out. This way a
budget for electrical power consumption can be created by accounting for various electronics categorised as
either essential, utility or galley loads. Considering that electrical power is to be supplied by two engine driven
generators, quantifying the electrical power demand of the system allows to assess the resulting secondary
shaft power extraction which is directly related to the fuel consumption.

Once both the baseline model and the technology demonstrator models are con gured, the veri cation pro-
cess can begin. The chosen sensitivity study approach consists of the MOAT method used in order to assess
the interaction between different parameters and identify those having a signi cant impact on results. Hav-
ing veri ed both models a comparison study is established. For this the main aspects to be considered are the
quanti cation of secondary power extraction in each case and the resulting trip fuel required for a baseline
mission of 1000 nm and a payload of 12000 kg.

Figure 3.1: Baseline model Figure 3.2: Technology demonstrator

3.1. REQUIREMENTS ENGINEERING

The requirements engineering process allows to identify the boundary conditions used to size the environ-
mental control system(ECS) depending on the functionalities the system has to provide. The three main
functions of the ECS considered in the current research programme are the following:

1. temperature control: the cabin temperature to be maintained between 18  * and 23 *Celsius [1]

2. pressure control: a maximum cabin altitude of 8000 ft (0.75 bar) is imposed by regulations with lower
cabin altitudes such as 6000 ft (0.81 bar) being currently achieved to increase passenger comfort [61]

23
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3. ventilation control: to keep contaminants under control and to provide suf cient oxygen levels a min-
imum volume air ow rate of 10 ft3/min is imposed by FAR requirements [62]. In practice US airliners
provide ventilation rates of upto 40  ft3/min [63]

Knowing from the start the ambient related operating conditions allows to size the systems accordingly. Since

it is desired to have a system working throughout the complete operational envelope of the aircraft it must

be ensured that the ECS works on ground as well as during ight. Two critical sizing conditions are selected,
one hot day at ground level with  Tamp = 39*Celsius and P4 = 1 bar and one hot day at cruise level at 35000
ft corresponding to  Tamp = -35 *Celsius and P, = 0.2 bar. The latter sizing condition is directly linked to
the proposed research question aimed to analyse the impact of different system architectures on trip fuel
consumption for a common design mission of 1000 nm and 12000 kg payload. An overview of simulated
conditions is presented in Table 3.1

Table 3.1: Summary of simulated conditions

Operation mode Temperature pro le Tamb Pamb Npax ANcrew
Ground ISA Hot day 39 *Celsius 1 bar 180+6
Cruise ISA Hot day -35*Celsius | 0.2 bar 180+6

3.2. SYSTEM LEVEL MODELLING

The cabin is discretised in three compartments, namely the ight deck, the forward cabin compartment and
the aft cabin compartment, as can be seen in Figure 3.3. Creating the system's architecture is done by placing
the desired components at speci ¢ points across the aircraft, assigning permissible pathways and triggering
a routing algorithm. The black lines running across the fuselage are called pathways and represent possible
circuits along which connections between different components can be established. The actual connections
such as pneumatic, hydraulic or electric lines are represented as green lines which go along the pathways,
each having physical properties associated with it such as dimensions and weight.

Figure 3.3: Sysarc 3D view showing the cabin discretisation in three zones, arrangement of pathways and localisation of components

BASELINE MODEL SYSTEM ARCHITECTURE

The integration of the baseline model refrigeration unit at aircraft level can be seen from the diagram pre-
sented in Figure 3.4. The secondary power extraction is done through the Out Rotational port of the pow-
erplant, in this case the turbofan engine. Power is supplied to the cabin air compressor which feeds the In
Pack pneumatic port of the ECS Pack. The ECS Pack engineering object contains thermodynamic data mod-
elling a dual heat exchanger air cycle machine aimed to provide air conditioned for temperature and pressure
through its pneumatic outlet port Out Pack towards the mix manifold system. One key parameter de ned as

a user input for the ECS Pack is the turbine exit temperature which represents the temperature of the fresh air
to be directed towards the mix manifold where it comes into contact with recirculated air coming from the
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regulated compartment.

A component schematic of the electrically driven air cycle machine eECS is presented in Figure 3.5 with a
selection of critical points along the thermodynamic cycle summarised in Table 3.2 and plotted in the form
of a pressure-enthalpy diagram in Figure 3.6.

Figure 3.4: Integration of baseline model electrically driven air cycle machine at aircraft level

Figure 3.5: Electrically driven air cycle machine based ECS main components and localisation of critical points along the cycle

Table 3.2: Critical points along the electrically driven air
cycle machine ECS

Point Description
0 CAC inlet
1 CAC outlet;

primary heat exchanger inlet
Primary heat exchanger outlet;

2 I .
auxiliary compressor inlet
3 Auxiliary compressor outlet;
secondary heat exchanger inlet
Secondary heat exchanger outlet;
4 cooling turbine inlet Figure 3.6: Pressure-enthalpy diagram of reverse Brayton
- - air cycle machine refrigeration system with localisation of
S Cooling turbine outlet critical points along the cycle

The two heat exchangers HX1 and HX2 employed are compact heat exchangers with plate n geometry, off
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