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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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INTRODUCTION

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 configuration: 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 configuring 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 first simulations of an environmental control system for aircraft [25]. The pro-
posed work can be closely linked to the fields 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 configuration 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 specific fuel consumption result-
ing from integrating the novel environmental control system at aircraft level, the proposed configuration has
the potential to partially fulfil some of the requirements set by the European Commission for 2050, namely a
75% reduction in C0, emission per passenger kilometre and a 90% reduction in NO, 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 traffic. 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 fixed 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 electrified
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 configurations, 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 verification 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 quantification 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 defined 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 configuration
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 certification requirements, allowing to define 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
benefits at aircraft level in terms of specific fuel consumption and potential trip fuel savings."

The research questions to 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) What is 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 specific 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-
tified 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 classified 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 fluid selection and impact on coefficient of performance
Optimisation studies * Thermodynamics optimum of heat exchangers

* Novel control methods

* Validation examples of air and vapour cycle based systems

e 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 fields

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 configurations and electrical power systems. Section 2.2 presents a classification of existing
environmental control system configurations 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 configuration and the electrical power systems. The major trends
in propulsion configurations 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 specific 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

lURLhttps://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
CF6-80E1 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
specific 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.
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Figure 2.3: Bleed system [1]

To appreciate the potential benefits 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 identified 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 specifications

GEnx General -1B70 -1B74 -1B76 -2B67
Characteristics (B787-8) (B787-9) (B787-10) (B747-8)
Takeoff thrust

(Ibs-force, kN) 69800, 310 | 74100,329 | 76100,338 | 66500, 296

Bypass ratio
(takeoff/top-of-climb)
Overall pressure ratio
(takeoff/top-of-climb)

Air mass flow
(takeoff, Ibs-mass/sec)
Fan diameter

9.3/8.8 9.1/8.6 9.1/7.9 8.0/7.4

43.8/53.3 46.3/55.4 47.4/58.1 44.7/52.4

2559 2624 2658 2297

111.1",282 | 111.1",282 | 111.1",282 | 104.7", 266

(in, cm)
Base engine length
. 184.7,469 | 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
(HP/LP) 217 217 217 2/6
Combustor SAC/TAPS | SAC/TAPS | SAC/TAPS | SAC/TAPS
Control FADECIII | FADECII | FADECIII | FADECIII

2URL https://www.rolls-royce.com/products-and-services/civil-aerospace/airlines/trent-1000.aspx/ [cited Oc-
tober 20, 2018]

SURLhttps://wwu.geaviation.com/commercial/engines/genx-engine [cited October 20, 2018]
4URLhttps://www.geaviation.com/sites/default/files/datasheet-genx.pdf [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.
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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.

I
! : e
Variable-Shesd C"ns:iam g ) .{‘lmagglzg pest
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1 230 or 115V

Figure 2.7: Variable frequency generator configuration [4]
Figure 2.6: Constant frequency generator configuration [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]

. First year (Approx.) Main Generators Power
Aircraft Model of sers\,rice Passengsr capacity (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-
quency 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]

Aircraft N1 (100%) | N2 (100%)

Engine Nlmar | N2max

Series (example) [rpm] [rpm] Nlmin | N2min
EA GP7200 A380 2467 10998 6.1 1.9
CEM56 B737 5175 14460 5.2 1.8

GEnx-
- B747-8 2560 11377 6.7 23
PWI1100G | A320neo N/A N/A 57 1.8
i

GE CF34-8C1 u“?eriess 7400 17820 N/A | 18
IAE V2500 A320 5650 14950 4 N/A
PW300 Buslleliess 10608 26956 N/A | 16
GE90 B777 2261 9331 6.1 1.7

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 efficiency 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 dehumidification 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 flow, heat load and energy consumption.
The ECS itself is an assembly of subsystems [35]. Conventional ECS installed on most commercial transport
aircraft flying 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 identified. The first 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 classified as air cycle
systems or vapour cycle systems depending on the working fluid 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 configured in various ways depending on the number and arrangement
of components as shown in Figure 2.8. The base configuration, 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 configurations 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].
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Figure 2.8: Air cycle machines [5]

Aircraft with a traditionally configured ECS based on the air cycle system can be classified 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 first 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
configuration 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.
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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, IL-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 . F-18, T46A, B737-400, ATR-72
Water Separation
Low Pressure MD-95, A300, A310, B747-400, DC-10,
Water Separation L-1011, B737-600, B737-700

Three-wheel

A320, A330, A340, BAE-146, B737-800, B737-900
Bootstrap System | High Pressure Water Separation ’ i’ ¢ ’ ’ )

B747-800, B757, B767, B787 (E-ECS)

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 fine 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 configuration, 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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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] .
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Figure 2.11: High pressure water extractor [8]

Using air as the working fluid, the reverse Brayton cycle is the basis of air cycle systems configurations. 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 flow 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 flight 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 configuration, 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 first 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 efficient 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 systems is 0° Celsius [9, p. 1198].

RAM AIR
INLET

INLET ACTUATOR
”.~— WATER INJECTOR

MAIN HEAT \ REHEATER
EXCHANGER————— — — ~ I
PRIMARY HEAT — ]
EXCHANGER —
HOT l — —
l‘-\ TO MIXER
BLEEDAIR “2N-X I I P e ! o
s EXTRACTOR|
_ 7
- _ 0 '/- — — -
/ e ; FAN [} : ,_/ f
—-PASS VALVE I CHECK VALVE
j - —¢ | TumeiEe I
AR CYGLE || compressor
RAM AIR L .
OUTLET ‘g_"—olo — —=
ANTI-ICE CONDENSOR

VALVE

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 efficient 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 first stage turbine. In case of a three wheel bootstrap cycle, air exits the first 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 first 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].
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Figure 2.14: Boeing 777 ECS: Four wheel bootstrap with high pressure water separator [10]

As the aviation industry evolved towards more electric aircraft configurations, great emphasis was placed
towards the benefits 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 efficient 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 benefits of bleed-air-free propulsion systems. The electric air conditioning
configuration 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 configuration comes from the management of air supply
at the system’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 configurations coupled to bleed systems the highest impact on the air cycle’s coefficient
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 fluid 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 configu-
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
classified according to the configuration of the vapour compression cycle. Depending on the components
used and their arrangement, vapour cycle systems can be classified as either subcooling cycles, expansion
loss recovery cycles or condensing cycles [15]. Compared to traditional air cycle systems, the coefficient of
performance in case of vapour compression refrigeration units can be up to five times higher, resulting in
increased thermal efficiency [2, p. 276].

Considering the refrigeration unit installed on board the Boeing 707 and 727 variants presented in Figure 2.16,
the four basic components of a vapour compression cycle can be identified 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 flow and
finally 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 flow 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 identified 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 configurations 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 configuration.
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Figure 2.17: Hybrid system patent [13]
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A hybrid air and vapour cycle configuration 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 configuration, the air cycle system is driven
by bleed air extracted from the gas turbine’s compressor, with the left engine supplying air for the flight 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 configurations involving polyalphaolefin (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 configuration 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 fighter 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 identified a higher
coefficient of performance in case of the latter as it did not require back pressure control valves [48].
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Figure 2.18: Hybrid system for military applications [14]

SURLhttp://www.omnijet.com/forsalecessna/citationcij4.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 classified 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, identified as the typical VCC curve in Figure 2.19, allowing to
increase its coefficient of performance up to the values associated with a theoretical Carnot cycle. The trend
of coefficient 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 coefficient 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.
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Figure 2.19: Variation of coefficient of performance with cycle options [15]

2.3.2. REVERSE CARNOT CYCLE

The first 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 fixed temperatures. This is made possible by modelling all the processes as internally reversible
and having no external irreversibilities between the working fluid 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 Ty 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].
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Figure 2.20: Reverse Carnot cycle [16, p. 29]

Assessing the efficiency of a refrigeration cycle can be done by computing its coefficient of performance,
defined as the ratio between the useful refrigerant effect and the energy input required to operate the cycle.
For a vapour compression cycle, the coefficient 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.

cop Useful refrigeration effect

" Net energy supplied from external sources @1
At this point a distinction can be made between operating the vapour compression cycle as a refrigerator or as
aheat pump. In case the system is required to provide cooling, thus operating as a refrigerator, the coefficient
of performance can be calculated by dividing the heat flow 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 coefficient of performance can be then calculated by dividing
the heat flow in the condenser by the net work of the system, as shown in Equation 2.3.

QL 2.2) COPpeger = -1 2.3)

refrigerator
Wnet Wnel

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 modifications 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 first modification 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 fluid would result in a relatively small amount of power produced as compared to the compressor
input power, due to the low isentropic efficiency 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 0 (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.
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Figure 2.21: Ideal vapour compression cycle including the components of the system (top side of figure) as well as the associated T-S
and p-h diagrams (bottom side of figure) [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.

W, = rity (hy — ) (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 verification can be performed by comparing the result of
Equation 2.5 with that of Equation 2.6.

Weona = 1y (hz — hs3) (2.5) Wcond = Wevap + Wcomp (2.6)

2.3.4. ADVANCED VAPOUR COMPRESSION CYCLES

This section describes various configurations aimed at improving the efficiency 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 configurations 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 configurations.

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 coefficient 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 coefficient 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 configuration [51].
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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 coefficient 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 flow 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 coefficient 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 configurations 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 coefficient 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 coefficient 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] identified the performance of the separator as having an impact on the resulting improvements of
the coefficient of performance, which showed improvements of up to 16%, considering that liquid entering
the compressor would increase the compressor work.
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Figure 2.23: Expander cycle [15]

Figure 2.24: Ejector cycle [15]

Aimed at increasing the coefficient of performance of cycles operating under extreme ambient conditions,
multi stage cycles allow to decrease the irreversibility during compression as compared to single stage config-
urations. An optimisation study conducted by Baakeem et al [17] of the two stage cycle with flash 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 coefficient of performance achieved was
6.17 for ammonia while a minimum of 4.95 was recorded for R407C, again highlighting the coupling between
the coefficient of performance and refrigerant selection.
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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]

Parameter Latent heat (kJ kg™ 1) Sat. liquid specific heat Sat. vapor specific heat Sat. liquid density (kgm )  Sat. vapor density (kgm™3)
(ldlxg'lK'l) (ldkg'll('l)
Temperature (°C) 0 45 0 45 0 45 0 45 0 45
Refrigerant
Ammonia 1262 1075 4.62 4.99 2.68 3.66 638.7 571.3 3.46 13.8
Rlbfht 198.6 157.6 1.34 1.53 0.90 1.19 1295 1125 14.44 57.7
R1234yf 163.3 127.4 1.29 1.51 0.93 1.22 1177 1012 17.69 66.06
R22 205 160.5 1.18 1.38 0.75 1.05 1282 1106 21.24 75.5
R404A 165.8 112.9 1.39 1.85 1.00 1.65 1150 934 30.48 118
R407C 209.3 156.9 1.42 1.71 0.96 1.38 1236 1043 19.66 78.78
R410A 221.4 148.4 1.52 2.07 1.13 2.07 1170 943.8 30.58 120.3
R1234ze(E) 184.2 149.8 1.34 1.48 0.90 1.12 1241 1092 11.92 47.56

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 efficiency 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 efficiency 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 fluoro-chemical refrigerants such as R134a
with the chemical formula C H, 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 fitting models. For the first 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, specific vol-
ume and temperature. While it can be used for predicting thermodynamic properties of refrigerants, it is
not suitable for simulations. The first method falling under the curve fitting category is the look-up table
method, representing an improvement over the equation of state method. It makes use of a predefined set of
properties for each refrigerant that can be accessed through simulation. Since the predefined 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 fitting method is the explicit polynomial regression, based on a linear regression analysis using the
least square method as the fidelity criterion [59]. The final curve fitting 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 first 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/78ecf1c3-b519-4bbb-b415-a45b89e51a9¢e/files/
gwp-hfcs-and-blends.pdf [cited January 7, 2019]
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https://www.environment.gov.au/system/files/pages/78ecf1c3-b519-4bbb-b415-a45b89e51a9e/files/gwp-hfcs-and-blends.pdf




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 defined 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 configuring
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 configuration 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 configured, the verification 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 significant impact on results. Hav-
ing verified both models a comparison study is established. For this the main aspects to be considered are the
quantification 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 sufficient oxygen levels a min-
imum volume airflow rate of 10 f3/min is imposed by FAR requirements [62]. In practice US airliners
provide ventilation rates of up to 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 flight. Two critical sizing conditions are selected,
one hot day at ground level with T,,,;, = 39 °Celsius and P,,; = 1 bar and one hot day at cruise level at 35000
ft corresponding to Ty, = -35 °Celsius and P,y = 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 profile Tl Pamb | Npax+ Nerew
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 flight 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 specific 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 defined 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.

Powerplant
Source
(Engine)

Out Rotational

Ram Ram
Air Air
Inlet Outlet

Bus 115 VAC

Out
. In Coolant Coolant In Pack
Electrical
Cabin ECS Pack Out Trim Mix

In Air Compressor out ac out Manifold Out

i In Recirc Suppl!

Pneumatic Pneumatic In Pack Pack PRY

Ram Compartment Compartment
5 Qe[| O et
Inlet Vent P Vent J

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

In Electrical \

CAC
In Pneumatic
e

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
> p
cycle machine ECS

Point Description
CAC inlet
1 CAC outlet;

primary heat exchanger inlet
Primary heat exchanger outlet;

2 o .
auxiliary compressor inlet

3 Auxiliary compressor outlet;

secondary heat exchanger inlet h

Secondary heat exchanger outlet;
4 cooling turbine inlet Figure 3.6: Pressure-enthalpy diagram of reverse Brayton
i bi ] air cycle machine refrigeration system with localisation of

5 Cooling turbine outlet critical points along the cycle

The two heat exchangers HX1 and HX2 employed are compact heat exchangers with plate fin geometry, off
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set strip fins and counter-flow arrangement. According to Zohuri [64, pp. 227-228] this is the most com-
monly used set-up for air to air heat exchangers due to higher achievable temperature change as compared
to cross flow or parallel flow configurations. Having selected the geometry and flow arrangement of the heat
exchanger, the remaining parameters of interest consist of the overall heat transfer coefficient, heat transfer
area and relative pressure drop. The overall heat transfer coefficient value is set at 80 W/m?/K considering
that for the chosen heat exchanger type typical values are in the range of 60 to 180 W/m?/K [65]. The heat
transfer area is correlated to the exchanger effectiveness which is in the range of 75% to 85% for single pass
counter-flow arrangements, the requirement which is met with a selected minimum heat transfer area of 15
m2 [66, p- 605]. The pressure drop values can be assumed zero for ideal cycles however to have a more realis-
tic model a 6% value was used which is in the range of 4% to 6% obtained from various textbook worked out
examples for plate fin heat exchangers [66, pp. 608-630].

Air cycle machine matching has to be considered since the auxiliary compressor and the turbine of the air
cycle system refrigeration unit are connected through the same shaft as depicted in Figure 3.7. Consequently
the work output of the turbine must equal the work input to the compressor as shown by the energy balance
presented in Equation 3.1. Taking into account the compressor and turbine efficiencies, the energy balance
can be rewritten in the form of Equation 3.2. Once the temperatures at the key points of the systems are
obtained and the enthalpy values estimated, Equation 3.3 can be used for verification purposes to make sure
the energy balance of the air cycle system is preserved.

Radial-thrust
hybrid bearing  Thrust disc Compressor

Figure 3.7: Air cycle machine rotor system, copied from [18]

We =W, 3.1)
mcey (Ts - T-
M = 1icy (Ty = Ts) -1y (3.2)
Mec
hs—hy =hy— hs (3.3)

The mass flow rate of air to be provided by the cooling turbine denoted as rityix Manifold, Out Supply €an be calcu-
lated using Equation 3.4 as a function of recirculation ratio €recjrc. Starting from the energy balance presented
in Equation 3.5, the temperature at the cooling turbine outlet is a function of the minimum allowable sup-
plied temperature to the cabin and can be calculated using Equation 3.6

TECs Pack, Out Pack = TiMix Manifold, Out Supply (1 — €recirc) (3.4)

(1 —€recire) M- Cp - TECS Pack, Out Pack = 12 Cp - TMix Manifold, Out Supply — €recirc " 1i2* Cp * Tcabin (3.5)

Tmix manifold, Out Supply — Erecirc * Tcabin
Trcs Pack, Out Pack = . (3.6)
— €recirc

Considering the integration of systems at aircraft level, one interesting aspect to be mentioned is the relation
between the powerplant, cabin air compressor, mix manifold and regulated compartment. The link between
these components is the recirculation ratio, a parameter defined as part of the mix manifold. A zero recircu-
lation ratio requires the cabin air compressor to work at full capacity resulting in a maximum air mass flow
rate and electrical power demand. As the recirculation ratio is increased, the burden on the cabin air com-
pressor is reduced as part of the air to be provided by the mix manifold is already available from the regulated
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compartment, ultimately resulting in a decreased secondary power extraction from the engine. Additional
information about the working principles behind the cabin air compressors are given in Section 3.4 part of
the electric load analysis which provides guidelines aimed at constructing a power budget in order to assess
the cabin air compressor power demand.

The efficiency of the air cycle machine refrigeration unit coupled to a cabin air compressor can be assessed
by calculating the coefficient of performance defined as the cooling load divided by the work input as shown
by Equation 3.7.

Cooling load _ Qc _ Qcoolingload

cor = =—— == -
System = Net work input Wpet Wiam + Weac

(3.7

The cooling load is calculated by multiplying the air mass flow rate by the enthalpy difference between the
desired cabin temperature and the cooling turbine outlet temperature, as given by Equation 3.8. In practice
this parameter corresponds to the total heat load which is obtained from the heat load analysis.

Qcooling load = M (Ncabin — hcooling turbine outlet) (3.8)

The ram air work can be computed using Equation 3.9 multiplying the mass flow rate of air passing through
the ram air inlet by the enthalpy difference across it.

eram = m(hram air outlet — hram air inlet) (3.9

The work done by the cabin air compressor can be computed using Equation 3.10 multiplying the mass flow
rate of air passing through the cabin air compressor by the enthalpy difference across it.

Weac = m(hcac outlet — cac intet) (3.10)

The pressure at the exit of the cabin air compressor resembles the pressure of bleed air used in conventional
bleed air driven bootstrap refrigeration systems, this being the only source of energy driving the air cycle ma-
chine assembly. According to standard bleed driven environmental control systems the state of compressor
bleed air varies according to the flight condition, from a minimum pressure of 50 psi (3.4 bar) during ground
idle, up to 150 psi (10.3 bar) during cruise. By means of a pressure reducing shut-off valve, the bleed air
pressure is reduced to around 40 psi (2.75 bar), representing the amount of pressure required to drive the
air cycle machine [2, pp. 241-246]. This pressure value will be used in the simulation of the baseline model
representing the boundary condition of the bootstrap cooling system, namely the pressure at the primary
heat exchanger inlet. In order for the cabin air compressor to provide the required exit pressure of 2.75 bar,
its pressure ratio will vary depending on the selected operating condition due to the ambient pressure vari-
ation with each flight case. Quantifying the resulting power demand allows to assess the secondary power
extractions, thus contributing towards answering the proposed research questions.

TECHNOLOGY DEMONSTRATOR SYSTEM ARCHITECTURE

The integration of the the vapour cycle unit at aircraft level is presented in Figure 3.8. The design methodol-
ogy behind the VCS Pack, shown schematically in Figure 3.9, is based on the calculation of variables required
to quantify the thermophysical properties of the cycle at the critical points summarised in Table 3.3, allowing
to draw the pressure-enthalpy diagram qualitatively shown in Figure 3.10. The refrigerant properties of R134a
are stored in multidimensional data tables in the Sysarc Knowledge Designer database, the data consisting
of enthalpy and entropy values in the range between -100° to 100°Celsius. The first set of data contains the
properties along the saturation curve, while the second set is obtained from constant pressure tables.

Just as in the case of the air cycle machine configuration, the type of heat exchangers chosen for the vapour
cycle system has to be justified. For both the condenser and the evaporator, air cooled compact heat ex-
changers are selected with a tube and fins geometry. This is considered to be the most common setup for air
to liquid heat exchangers, more specifically with a plain flat fin arrangement which can achieve a lower pres-
sure drop compared to other arrangements [66, pp. 697-698]. To simplify the simulation model the effects of
pressure drop were not taken into account, thus the obtained system resembles an ideal vapour compression
cycle.
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Table 3.3: Critical points along the vapour compression cycle
refrigeration system 5
Point Description
1 Compressor suction
Compressor discharge (isentropic)

2s Condensation dew point

3s Condensation bubble point

3a Condenser outlet

3 Including additional subcooling

4 Expansion valve outlet

4s Evaporation bubble point h

1s Evaporation dew point

la Evaporator outlet Figure 3.10: Pressure-enthalpy diagram of vapour cycle
refrigeration system with localisation of critical points

along the cycle

Using the condenser approach diagram qualitatively presented in Figure 3.11 the condensing temperature of
the cycle can be chosen considering the rise in temperature of coolant for air cooled systems is in the range of
8-15 K [67, pp. 397-398]. For the hot day ground design case the ambient temperature is 39 °Celsius. Taking
the critical 15 K rise in coolant temperature, this results in a coolant exit temperature of 54 °Celsius resulting
in a minimum approach temperature difference of 4 °Celsius for a condensation temperature of 58 °Celsius.
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For cruise conditions the condensation temperature of the cycle is kept fixed at 58 °Celsius, the only differ-
ence being the lower ambient coolant temperature, resulting in a higher approach temperature difference.
Another parameter that can be obtained at this point is the refrigerant compressor discharge pressure. For a
condensing temperature of 58 °Celsius the corresponding saturation pressure is 16 bar.

Temperature Temperature
Cabin exit
Condensing temperature
temperature Approach Cooling
temperature effect
difference
(ATD) Approach
temperature
IRise in temperature difference
Coolant inlet of coolant Evaporating (ATD)
temperature temperature
Distance Distance
Figure 3.11: Condenser approach diagram Figure 3.12: Evaporator approach diagram

For the evaporator design, the evaporator approach diagram qualitatively presented in Figure 3.12 is used
to set the evaporating temperature. Considering the temperature regulation requirements of the system the
cabin minimum temperature is 18 °Celsius. A minimum approach temperature of 5 K is recommended for
water cooled evaporators with higher values applicable to air cooled evaporators [67, p. 405]. Setting the
evaporating temperature at 0 °Celsius results in an approach temperature difference of 18 °Celsius. Hav-
ing selected the evaporator temperature allows to obtain the refrigerant compressor suction pressure from
the temperature table of R134a refrigerant. For an evaporating temperature of 0 °Celsius, the corresponding
pressure equals 2.9 bar.

One variable of interest in case of the vapour cycle system is the global coefficient of performance, named
COPsystem Which can be calculated using Equation 3.11, with methods for calculating the ram air work and
the cabin air compressor work already introduced in the preceding section. The variable COPsystem is defined
by taking into account the effects of pressurisation and ram air work, thus it will be used when making a
comparison between the air cycle system and the vapour cycle system.

Coolingload _ Q. _ Oc
Net work input Wnet VVram + WCAC + Wrefrigerant compressor

COPSystem = (3.11)
When analysing the performance of the vapour refrigeration system on its own, the effects of pressurisa-
tion and ram air work can be ignored, allowing to defined a local coefficient of performance variable called
COPycq, as defined in Equation 3.12.

Coolingload Qc Qc (3.12)

COProca = B == =
Net work input Wt VVrefrigerant compressor

The refrigerant compressor modelling consists of quantifying the power required for isentropic compression
using Equation 3.13. The refrigerant mass flow rate r1, is an user input while the enthalpies at the compressor
discharge and suction points, namely /1, and h,, are extracted from superheated refrigerant tables which give
a variation of enthalpy with temperature for a constant pressure.

Wrefrigerant compressor,is — Tty (hz - hl) (3.13)
At this point a distinction between isentropic compression and effective power can be introduced. The latter
can be calculated using Equation 3.14 which accounts for a certain isentropic efficiency 11;s assumed to be 75
% as in the case of other centrifugal compressors [63].

. erefrigerant compressor,is

Whefrigerant compressor,ef = m (3.14)
is
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For the first design iteration the compression process is modelled as isentropic, thus the entropy at the com-
pressor outlet equals that at the compressor inlet (s» = s1). For a known compressor discharge pressure and
entropy, the corresponding value of h, can be obtained from the superheated refrigerant table using linear
interpolation.

In case of a non-isentropic compressor the enthalpy at the compressor discharge point can be calculated
using the definition of isentropic efficiency as shown by Equation 3.15. The only unknown variable is then
the actual enthalpy at the compressor discharge point which can be calculated using Equation 3.16.

hais—hy

o= s 71 3.15
Nis ho— Iy ( )
hojs—h
hy=hy+ 28— (3.16)
Nis

To understand how the cooling load is calculated the modelling of the evaporator is briefly introduced. The
evaporator assembly is discretised in two zones allowing to account for both the two phase and the super-
heated zone of the cycle. The cooling capacity of the two phase zone can be calculated using Equation 3.17.
The value for the enthalpy at the evaporation dew point %, corresponds to the saturated vapour enthalpy
hg which can be directly extracted from the R134a refrigerant properties table. At the expansion valve outlet
the enthalpy h4 has the same value as the enthalpy of the refrigerant prior to entering the expansion valve
hs since the assumption of isenthalpic expansion applies. To simplify the preliminary calculation process, a
system with no additional subcooling is considered thus allowing to set the enthalpy at the entrance of the
expansion valve equal to that at the condensation bubble point k3. This allows to read directly the value of
hs from the saturated liquid line. For a simple VCS cycle with no superheating the saturated vapour entropy
at the compressor’s inlet, s;, can also be obtained from the refrigerant temperature table.

Qevapl =, (his— ha) (3.17)

The cooling capacity of the superheated zone is computed using Equation 3.18. The specific heat capacity
values at constant pressure cp , for the R134a refrigerant in superheated state are implemented in Sysarc
according to data obtained from a constant pressure table, for a certain predefined pressure, in this case 2.9
bar. The degree of superheat (177 — T15) is a parameter calculated based on the selected T; and T, values.
Other parameters that can be extracted from the constant pressure table are the enthalpy and entropy values
at the compression suction point.

QevapZ =my- Cp,r (Th = Ths) (3.18)

The total cooling capacity of the evaporator Qeyap_rorai can be computed by adding the contributions from
the two phase zone Qcyqp1 and from the superheated zone Qp4p2 as shown by Equation 3.19.

Q.evapftotal = Qevapl + QevapZ (3.19)

To calculate the entropy at the evaporator inlet, s4, first the quality of the refrigerant at the evaporator’s inlet
needs to be computed using Equation 3.20, then the entropy can be obtained using Equation 3.21.

ha— hy
=— 1 3.20
X4 g — 1y (3.20)
sa=Sp+ X4+ (sg—s¢) (3.21)

Although not required in calculating the coefficient of performance for cooling, the method used for the
condenser modelling is also worth mentioning. The condenser assembly was discretised in three zones in
order to account for the sensible heat transfer occurring as the refrigerant exits the compressor up to the
condensation dew point (Qcond1), the latent heat transfer occurring inside the two phase region of the refrig-
erant saturation curve between the condensation dew point and the condensation bubble point (Qcondz) and
the sensible heat transfer associated with the additional subcooling occurring in the saturated liquid region
(Qconds) [15].
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In the first part of the condenser heat transfer is calculated using Equation 3.22. The condensing temperature
has the same value at the condensation dew point and the condensation bubble point, thus T»; is set equal
to T3s. At the compressor discharge point the temperature 7> can be either calculated or set as an input.
The calculation is possible by reading T> from a superheated refrigerant table as a function of pressure and
entropy assuming the suction pressure of the compressor is set, the pressure ratio is known and the compres-
sion is isentropic. In the Sysarc model the r1,, T» and T, variables are set as inputs that can be user defined,
while the specific heat capacity c;,, for the R134a refrigerant in superheated state is taken is taken from a
superheated chart as a function of temperature for a predefined discharge pressure.

Qcondl =1ty - Cp,r (To — Tas) = 1y - Cp,r (T2 — T3s) (3.22)

In the two phase region of the condenser heat transfer can be computed using Equation 3.23 by taking the
difference between the enthalpy at the condensation dew point and the enthalpy at the condensation bubble
point.

QcondZ = iy (hos — h3s) (3.23)

The third part of the condenser is called the subcooler and represents an additional heat exchanger placed
downstream the main condenser used to further cool down the saturated refrigerant before entering the ex-
pansion valve. The heat transfer in the subcooler can be computed using Equation 3.24 which takes into
account the degree of subcooling of the system (75, — T3). Obtaining the enthalpy at the condensation dew
point (point 3s) is straightforward as this point is located on the saturated liquid line and its value can be
extracted from a temperature table at the desired temperature. However the subcooler outlet is located in
the region of subcooled liquid. Whereas constant pressure tables are available for the region of superheated
vapour, no data is available for the subcooled liquid zone. The trick of obtaining the enthalpy at this location
is to consider the isenthalpic process associated with the expansion valve, meaning the enthalpy is constant
between points 3 and 4. This means that the enthalpy at point 3 is the same as the enthalpy of saturated liquid
at a temperature equal to that of the condensation bubble point minus the degree of superheat.

QcondS = riiy (h3s — h3) (3.24)

Adding the contribution of the three condenser zones mentioned above, the total condensing capacity of the
system can be estimated using Equation 3.25.

Qcond_total = Qcondl + Qcondz + Qcond3 (3.25)

Having discretised the condenser and evaporator in multiple zones allows to model the effects of subcooling
and superheating on the coefficient of performance. As a starting point a simple vapour cycle system with
no subcooling and no superheating will be implemented and its impact at aircraft level will be assessed by
quantifying the resulting power demand of the refrigerant compressor.

The method used to adjust the cooling load is to vary the refrigerant mass flow rate until the evaporator ca-
pacity matches the heat load requirement. While adding a degree of superheat and subcooling the variation
in cooling capacity will be monitored while simultaneously varying the refrigerant mass flow rate in order
to decrease the power consumption of the system. The reason behind adding a superheat degree involves
protecting the refrigerant compressor by avoiding the phenomenon of wet compression, with superheat de-
grees in the range of 5-20 K considered desirable [67, p. 109]. Regarding subcooling this approach is desirable
from a practical point of view in order to make sure the refrigerant enters the expansion valve in the form of
subcooled liquid, with subcooling degrees in the range of 5-10 K used in industry [67, p. 108].

The mass flow rate of the refrigerant can be obtained by rewriting the energy balance over the evaporator in
the form of Equation 3.26. The resulting expression is also known as the refrigerant side energy balance or the
refrigerant enthalpy method. The parameter appearing in the nominator is cooling capacity of the system to
be provided by the evaporator. The required cooling capacity is obtained from the cabin model explained in
Section 3.3.

T, = Qevapftotal (3.26)
Ahevap
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The pressure ratio of the system is obtained by dividing the discharge pressure of the compressor by its suc-
tion pressure, as shown by Equation 3.27.

2
p=P2 (3.27)
P1
COMPARISON OF THE TWO REFRIGERATION CYCLES FROM A THERMODYNAMIC PERSPECTIVE

To make a direct comparison between the baseline model and the technology demonstrator the power de-
mand of the two configurations has to be quantified and compared. For the eECS configuration the energy
source required to drive the air cycle machine is the pressure of the air coming from the cabin air compressor.
In this case the cabin air compressor has to provide enough power to meet both the cooling and pressurisa-
tion requirements. In case of the VCS configuration the refrigeration effect is obtained by running the vapour
cycle system which requires a certain amount of power for the refrigeration compressor. The cabin air com-
pressor is then only used to meet the pressurisation requirements and is expected to have a lower power
demand compared to the eECS configuration.

In order for the vapour cycle system to be more efficient than the air cycle machine configuration, the sum-
mation of cabin air compressor and refrigeration compressor power demand of the VCS has to be less than
that of the power demand of the cabin air compressor of the eECS. Keeping all other parameters of the sys-
tem constant, the variable of interest identified as having a direct impact on the cabin air compressor’s power
demand is its pressure ratio. An in depth investigation aimed at quantifying the power demand for the cabin
air compressor is provided in the electrical load analysis presented in Section 3.4.

3.3. HEAT LOAD ANALYSIS

The amount of heat that needs to be removed by the environmental control system depends on the flight
condition. The refrigeration system is configured according to the off-design condition consisting of the
worst hot day scenario. Taking into account the internal heat generation and heat loss, a heat transfer model
as shown in Figure 3.13 is used to account for the heat transfer due to solar and fuselage radiation, in addition
to the heat transfer across the fuselage wall. The aim is to create a heat load budget in order to estimate the
total heat load.

Solar
Cabin /radiation
Rconv,int Rwall,int Twal Reonv,ext

Teab Taw

Fuselage
Wall

Fuselage
radiation

Figure 3.13: Cabin heat transfer model, adapted from Chakraborty et al. [19]

TOTAL INTERNAL HEAT LOAD

The internal heat generation can be estimated using Equation 3.28, having three components: the human
metabolic heat load Q,,, heat load due to in flight entertainment systems Q;rg and heat load due to gal-
ley systems Qggairey. The last two parameters are accounted for in the form of a miscellaneous heat load
Qmiscellaneous Which is set as an user defined input.

Qgen = Npux (Qp + QIFE + anlley) = Npax : Qp + Qmiscellaneous (3.28)

TOTAL EXTERNAL HEAT LOAD

The heat transfer due to solar radiation can be computed using Equation 3.29, being defined as the product
between the solar irradiance, q:_ ’0 lar and the irradiated area, A, taken as half of the total fuselage area. The
solar irradiance is dependent on atmospheric conditions varying from 500 W/m? during a cloudy day at sea

level up to 1350 W/m? at cruise altitude.
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: "
Qsolar,radiation = Ggp14, * As' (3.29)

TOTAL HEAT TRANSFER

As the cabin is in contact with the fuselage, the internal heat is dissipated to the fuselage external wall in the
form of convection and conduction. This internal heat loss can be estimated by dividing the temperature dif-
ference between the wall and the cabin by the summation of the wall’s conduction heat resistance Rcong,wall
and the internal convection heat resistance Rcony,in: as described in Equation 3.30.

. Togy—T
Qinloss = cab __wall (3.30)

Rcond, wall + Rconv,int

The total external heat loss is a summation of heat transfers due to external heat convection and fuselage
radiation as shown in Equation 3.31. The cabin model used in Sysarc is simplified by considering the fuselage
radiation to be negligible, thus the total external heat loss depends only on the external heat convection, with
Trec representing the recovery temperature, a variable defined as a function of Mach number.

- 5 : Twaii — Trec
Qext,loss = Qext,conv + quseluge,mdiation = (3.31)
Reonv,ext

TOTAL HEAT LOAD

Taking into account the total internal and external heat loads as well as the total heat transfer, a heat budget
can be obtained which allows to calculate the total ECS thermal load by adding the contributions from each
cabin zone followed by obtaining the sum. An overview of parameters used in the heat load budget calcula-
tion is presented in Table 3.4. The last three parameters in the table refer to the cabin wall thermal resistance
consisting of the internal convection resistance, external convection resistance and the conductive resistance
of the cabin wall. Based on a study taking into account different literature sources, the resulting parameters
are selected [69].

Table 3.4: Summary of parameters used in heat load budget calculations

Parameter Unit Value
Npax + Nerew - 180+6
Qp w 94
Qmiscellaneous kW 0
Qsolar,radiation kw 24(sea level); 30(cruise conditions)
Reonv,int WIim?/K 5
Reonv,ext W/im?/K 68.3
Reond,wall W/im?/K 2.5

3.4. ELECTRICAL LOADS ANALYSIS

An electrical load analysis is a tool used to analyse the current power demand of onboard systems as a func-
tion of installed generating capacity. This is done by splitting electrical loads into galley, utility and essential
loads, followed by differentiating the power demand along the various segments of the flight mission. The
actual A320 electrical system is based on two 90kVA generators and an additional 90kVa generator connected
to the auxiliary power unit. In the current design methodology it is assumed that the installed generating
capacity is limited to the power provided by the engine mounted generators, thus not accounting for the APU
capacity [70].

Another aspect to be considered is a possible power budget exceedance. Since the electrical platform used
for this investigation is of a classical type (Airbus A320), while the architecture to be installed corresponds
to the "more electric aircraft” type, there is a chance that the additional utility loads required to operate the
refrigeration systems might exceed the maximum installed generator capacity. The remedy in this case would
be to increase the nominal power of the generators, which is currently set to 90 kVa. According to the current
industry state of the art power generating machines such as the 250 kVa generators installed on-board the
Boeing 787, it is feasible to allow a power increase of each generator from 90 kVa up to a maximum of 250 kVa
in order to accommodate the additional power demand required by the utility loads.
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BASELINE MODEL

In case of the baseline model, the utility loads consist of two cabin air compressors each with its own power
demand defined as part of the electrical port In115VAC. The resulting power demand of the cabin air com-
pressor is a function of the variable Electrical Power Input defined as shown in Equation 3.32. The motor
drive efficiency of electric motors is an indication of the energy lost associated with heat losses and friction
during conversion from electrical to mechanical power. The motor drive efficiency is a function of rated
output power, frequency and number of poles. According to NEMA guidelines covered by standard IEC
60034-30:2008, for an electrical motor operating at 60Hz with a rated power output in the range of 15 to
30 kW, motor drive efficiency values range between 90 % and 94 % [71, pp. 53-57].

. Shaft Power Input
Electrical Power Input = - - (3.32)
Motor Drive Efficiency

While the mechanical efficiency is a user defined input, the variable Shaft Power Input is calculated as a
function of compression work and mechanical efficiency, as shown in Equation 3.33.

Shaft P Input Compression Work (3.33)
aft Power Input = .
p Mechanical Efficiency

The methods used to control the power demand of the cabin air compressor in order to alter the overall
secondary shaft power extraction of the engine is to identify which parameters are used in the definition of
the compression work. This is done by looking at the compression work formula which is a function of the
following three parameters:

1. mass flow rate (can be controlled by altering the recirculation ratio of the mix manifold which is set at
a value of 50%)

2. entry temperature (representing the boundary condition of the system and depending on the temper-
ature of the stream coming from the upstream component, namely the ram air inlet)

3. exit temperature (a function of exit pressure of the cabin air compressor which is set at a value of 2.75
bar)

One method of controlling the power demand of the cabin air compressor is to alter the mass flow rate. The
limitation of the model is that when all the components are connected together, the mass flow rate variable
is no longer an input and cannot be varied directly, as it is a function of the mix manifold recirculation ratio.

Another method would be to look at the exit temperature required, which is a function of exit pressure. The
exit pressure of the cabin air compressor has to be set at a pressure high enough to account for the pres-
sure drop in the downstream components such as the primary and secondary heat exchangers, as well as
accounting for any losses occurring in the compressor-turbine assembly of the air cycle machine.

TECHNOLOGY DEMONSTRATOR

When establishing the electrical load analysis of the technology demonstrator, the essential loads and galley
loads are the same as the ones defined for the baseline model. The difference comes from the set-up of the
utility loads, in this case the power demand of the two cabin air compressors as well as the power demand
of the electrically driven vapour cycle compressor. The working principle of the cabin air compressor is the
same as in the case of the baseline model, for which a detailed quantification of power demand was presented
in the precedent subsection. Since in this case the cabin air compressor is only used to meet the pressurisa-
tion requirement its pressure ratio is expected to be less than in the case of the baseline model, thus resulting
in a lower power demand.

Considering the electrically driven refrigerant compressor, the required electrical power input can also be
computed as a function of shaft power input and motor drive efficiency. The shaft power input can be com-
puted by dividing the required compression work by the mechanical efficiency. The compression work can
be calculated by multiplying the refrigerant mass flow rate with the enthalpy difference across the refrigerant
compressor.
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3.5. POINT PERFORMANCE ANALYSIS

In order to generate a flight mission report, a flight profile is defined and the physical quantities at all time
steps are calculated by means of a point performance analysis. The key parameters to be calculated include
lift, drag, fuel flow, specific fuel consumption, rate of climb or specific air range of the aircraft for all flight
cases. The three types of forces considered when deriving the equations of motion originate from gravity,
aerodynamics and propulsion. When solving the equations of motion certain assumptions are made de-
pending on the flight case considered. A set of assumptions applicable to an aircraft during the taxi flight
phase can be differentiated from another assumption set corresponding to an aircraft operating in air part of
flight segments such as take-off, cruise, descent and landing.

For an aircraft operating on ground the corresponding free body diagram is presented in Figure 3.14.
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Figure 3.14: Free body diagram showing forces acting on aircraft during ground operations, copied from [20]

Force equilibrium in the horizontal direction is established using Equation 3.34 which equates the product of
mass and acceleration of the vehicle to the summation of thrust, aerodynamic drag force and ground friction
drag force Dg. The aerodynamic drag force D can be computed using Equation 3.35 with the aerodynamic
coefficient Cp computed using Equation 3.36. The ground friction, Dg, can be computed using Equation
3.37 as the product of the runway friction coefficient ¢ and the normal force N. The lift coefficient C, can be
estimated using Equation 3.38.

F v r_p-p (3.34)
=m-—= _ _ .
dt §
1 2

D=2p-V*-S-Cp (3.35)
Cp=Cpo+k-C:+ACp (3.36)

1
Dg=pu-N=pW-L)=p m-g—§p~V2-S~CL (3.37)
CL=Cro+CrLa a+ACLfap (3.38)

The free body diagram of an aircraft during flight is presented in Figure 3.15 with y the angle between the
velocity vector V and the horizontal plane, also called the flight path angle.

Figure 3.15: Free body diagram showing forces acting on aircraft during flight operations, copied from [20]

Force equilibrium along the velocity vector corresponds to Equation 3.39. The drag force can be computed
using Equation 3.40 while the lift force can be computed using Equation 3.41.

av
F:m-E:T—D—mg-cos(y) (3.39)
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1
Dzip.vz-s.cD (3.40)

1 5 .
L:Ep‘V -S-Cr=m-g-sin(y) (3.41)

To solve the equations of motion corresponding to an aircraft during flight, different assumptions need to be
made depending on each of the following flight segments:

1. Take-off: For the takeoff segment the flight path angle y as well as the engine power rating are assumed
to be constant. The takeoff segment is defined to end at an elevation of 1500 ft with respect to the
airfield and a calibrated air speed (CAS) of 250 kt.

2. Climb: The climb segment is divided in two main parts. First the CAS is assumed constant up to the
point when the aircraft reaches the cruise mach number which is set at 0.78 Mach. From that point
onwards up to the top of climb defined as 35000 ft, the Mach number is assumed to be constant.

3. Cruise: For the cruise segment there are three possible modes available including a flat cruise, a climb
cruise or a step cruise. The simulations performed are based on the flat cruise mode, meaning the
altitude throughout the cruise segment is kept constant. The first assumption is a steady state motion,
thus the acceleration is set equal to zero (m - % =0). The second assumption consist of maintaining a
constant altitude throughout the complete cruise phase (y = 0). In case a step cruise mode is selected,
the altitude is maintained constant at a defined level up to a certain time, then it is increased to a higher

altitude up to the end of the cruise segment.

4. Descent: For the descent segment a constant rate of climb (ROC) and calibrated air speed (CAS) are
assumed.

5. Landing: For the airborne part of the landing segment the first assumption is a constant approach
speed. The second assumption is a constant approach angle.

Solving the above equations of motion allows to calculate the total propulsive power, as defined by Equation
3.42, measured in either N-m/s, kW or hp(1000 N-m/s=1 kW=1.34 shp). The variable T represents the total
thrust defined as the summation of thrust provided by the left and right powerplants.

Poroputsive =TV (3.42)

The altitude variation with time for the chosen flight mission profile simulated is presented in Figure 3.16.
It takes approximately 150 minutes to cover all the flight segments for a standard mission of 1000 nm, the
cruise time duration being approximately 103 minutes. Additional flight profile related data can be found
in Appendix B including the mach number and the propulsive power variation for both models for all flight
segments.
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Figure 3.16: Altitude variation with time
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VERIFICATION AND VALIDATION

Verification of the models is performed in the form of a sensitivity study during which the effects of each
input variable on the output is analysed. Using the Morris One at A Time (MOAT) method the parameters be-
longing to the system architectures of both the baseline model and technology demonstrator can be verified.
Another verification performed is a sensitivity study for secondary engine power off-takes to make sure the
specific fuel consumption varies accordingly with varying power off-takes.

Validation of the vapour cycle system corresponding to the technology demonstrator was done using exper-
imentally obtained data to assess the duty capacity of the system. This allowed to separately validate the
condenser and evaporator capacities taking into account also the degree of superheat and subcooling. For
the air cycle system the pressure level at the inlet of the air cycle machine was validated by comparing it to
values taken from literature and experimental studies. Another aspect considered in the case of the air cycle
system is the matching of the air cycle machine, required to satisfy the energy balance between the auxiliary
compressor and the cooling turbine.

4,1. SENSITIVITY STUDIES USING MOAT METHOD

Once the system architectures have been defined and all the system’s components are connected to each
other it is important to identify what is the impact of parameters belonging to each component on the fuel
consumption. By means of a Morris One At A Time (MOAT) study an uncertainty analysis is carried out
allowing to classify parameters in the following three categories [72] [73]:

1. parameters having a negligible impact on results
2. parameters having large linear effects on results but not interactions with other parameters

3. parameters having large non-linear effects on results and/or interactions with other parameters

The MOAT study consists of calculating for each parameter of interest an elementary effect, a modified mean
and a modified standard deviation. The standard deviation is an indication of non-linear effects and/or in-
teractions with other parameters, while the mean quantifies the effect of the input on the output. Parameters
with a low mean and low standard deviation have a negligible impact on results. Parameters with the stan-
dard deviation’s order of magnitude less than that of the mean, but having a significant mean value have
large linear effects on results but no interactions with other parameters. Parameters with a high mean and
high standard deviation have a large non-linear effect on results and/or interactions with other parameters.

The first step of setting up the MOAT study consists of calculating the elementary effect, d; (x), using Equation
4.1. This is then used in the calculation of the modified mean, u*, as shown by Equation 4.2. Finally the
modified standard deviation, *, can be computed using Equation 4.3 [73].

di (x) = w 4.1

r .
ut= Z 4.2)

4.3)
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4.1.1. SENSITIVITY STUDY FOR BASELINE MODEL SYSTEM ARCHITECTURE

The parameters used in the sensitivity study for the baseline model are summarised in Table 4.1. The selection
was made by identifying parameters belonging to various system components that affect the functioning
of the ECS Pack, thus potentially having an impact on the resulting fuel consumption. The results of the
sensitivity study are presented in Figures 4.1 and 4.2.

Table 4.1: Sensitivity study data for baseline model

Parameter Name Unit Default value | Lower bound | Upper bound

Mix manifold

1 Recirculation ratio % 50 30 90

Regulated compartment

2 Air cycle time min 2 0.5 2.5

3 Target temperature ° Celsius 20 18 26

4 Minimum supply ° Celsius 2 0 8
temperature

5 Airflow per occupant ft3imin 10 10 50

6 Cabin pressure bar 0.81 0.75 0.95

ECS Pack
7 HX pressure drop % 6 2 10
8 HX overall heat W/m2IK 150 60 180
transfer coefficient
9 HX heat transfer area m? 80 60 100
CAC
10 Exit pressure bar 2.75 1 3

The air cycle time of the cabin compartment, parameter 2, has a standard deviation approximately two times
higher than the mean indicating large non-linear effects on fuel consumption. As the air cycle time is defined
as the period of time in which the entire compartment’s air needs to be changed, a lower air cycle time corre-
sponds to in an increased fresh mass air flow rate to be provided by the cabin air compressors, thus increasing
their power demand. Extreme power consumption rates in excess of 100 kW were required for air cycle times
less than one minute, while for air cycle times of over one minute the power demand from each cabin air
compressor was stable around 80 kW.

Another parameter belonging to the cabin compartment and having a significant impact on results is the tar-
get temperature, parameter 3. Varying this parameter in the range between 18° and 26° Celsius results in a
relatively high value of standard deviation in relation to the mean. This has to do with interactions with other
components. A first interaction was observed with respect to the power demand of the cabin air compres-
sor, where lower target temperatures for the cabin component resulted in increased power demand from the
cabin air compressors as the mass flow rate of cold air coming from the ram air inlets had to be increased in
order to provide the increased refrigeration effect, thus lowering the cabin temperature. It was noticed that
the output temperature of the cabin air compressors was kept constant at approximately 64° Celsius. This
could only be possible if refrigeration parameters belonging to the ECS Pack were affected. Further investiga-
tions showed that varying the target temperature of the cabin resulted in variations of the output temperature
parameter belonging to the ECS Pack refrigeration unit.

The mix manifold recirculation ratio, parameter 1, has non-linear effects on the fuel consumption as well as
an impact on other parameters. This has to due with the fact that the recirculation ratio affects the value of
the total fresh air required to be provided by the cabin air compressors. This then affects the power demand
of the cabin air compressors which translates into an impact on the secondary power extraction.

An example of a variable having large linear effects on results is the minimum supply air temperature of the
cabin compartment, parameter 4. A trade-off between this parameter and the mass flow rate was identified.
As the minimum supply air temperature was increased, an increase in the required mass flow rate of the mix
manifold was recorded. Setting the minimum supply air temperature above 10° Celsius resulted in the mass
flow rate coming from the Out Supply port of the mix manifold to exceed the imposed value of 5 kg/s, causing
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no convergence at system level.

Parameter 5, the airflow per occupant, has been varied from the minimum FAR requirement of 10 ft3/min
up to 50 ft*/min, a value just in excess of the industry attained level of 40 ft*/min. From 10 ft*/min to 30
ft3/min, the ventilation demand was met with no significant impact on trip fuel. It was noticed that over 30
ft>/min the required cabin air compressor power demand increased, resulting in higher recorded trip fuel
values, however the overall impact of this parameter on trip fuel is considered to be negligible based on the
low mean and standard deviation values as compared to other parameters.

Parameter 6, the cabin pressure, has been varied from a minimum FAR requirement cabin altitude of 6000
ft corresponding to a cabin pressure of 0.75 bar, up to a upper bound pressure value of 0.95 bar. Accord-
ing to the significant mean values and standard deviation’s order of magnitude less than the mean, it can be
said that this parameter has a large linear impact on results but no interaction with other parameters. This
is confirmed by the fact that the higher the pressure selected in the cabin can be achieved by increasing the
pressure ratio of the cabin air compressor, resulting in a linear increase in power demand thus a linear impact
on trip fuel

The first parameter belonging to the ECS Pack included in the sensitivity study is the pressure drop of the heat
exchangers, parameter 7. The recorded low values of modified mean (0.87) and standard deviation (0.2) indi-
cate the pressured drop impact on trip fuel is negligible when varied between 2% and 10% as the additional
work required by the cabin air compressor to overcome the resulting pressure drop values is minimal.

The second parameter of the ECS Pack investigated is the overall heat transfer coefficient, parameter 8. Vary-
ing this parameter in the range of 60 to 180 W/m?/K results in a maximum temperature change of 1 °Celsius
achievable by the two heat exchangers, with no impact on trip fuel.

The third and last parameter of the ECS pack investigated is the heat transfer area of the heat exchangers, pa-
rameter 9. Varying this parameter in the range of 60 to 100 m? shows an insignificant variation of achievable
temperature change of the heat exchangers, thus no impact on trip fuel.

For the cabin air compressor the exit pressure, parameter 10, the positioning of the standard deviation and
modified mean indicate that this parameter has a large linear effect on results. As the air cycle system can
operate under different conditions of cabin air compressor exit temperature, it is essential to quantify the
effect on results for various pressure levels when calculating the trip fuel.
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Figure 4.1: Sensitivity study for baseline model, analysing impact on the variable trip fuel
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Figure 4.2: Sensitivity study for baseline model, analysing impact on the variable trip fuel
4.1.2. SENSITIVITY STUDY FOR TECHNOLOGY DEMONSTRATOR SYSTEM ARCHITECTURE
In case of the technology demonstrator the parameters selected for the sensitivity study are summarised in

Table 4.2. Only parameters belonging to the VCS Pack were considered since the resulting system architecture
is identical to that of the baseline model.

Table 4.2: Sensitivity study data for technology demonstrator model (VCS)

Parameter Name Unit | Default value | Lower bound | Upper bound
VCS Pack
1 Refrigerant compressor ke/s 0.2 0.2 1
mass flow rate
9 Rt?frlgeragt compressor % 75 20 90
isentropic efficiency
3 Degree of superheat K 5 5 20
4 Degree of subcool K 10 5 10
5 Evaporator capacity kw 35 30 190

The first parameter studied is the mass flow rate of the refrigerant compressor which was varied between 0.2
kg/s and 1 kg/s. Considering Figure 4.3 the recorded standard deviation order of magnitude is less than that
of a mean and the mean has a significant value, this allows to classify the refrigerant mass flow rate as a pa-
rameter having large linear effects on results.

Looking at Figure 4.4, the second parameter studied is the refrigerant compressor isentropic efficiency which
was varied from 70 to 90 %. The resulting low modified mean and standard deviation values indicate that this
parameter has a negligible impact on results.

The third parameter studied, the degree of superheat, was varied from 5 to 20 K showing both an increased
in cooling capacity and work done by the compressor. In absolute terms the increase in cooling capacity was
much greater than the increase in work done by the compressor. The impact on fuel consumption is negligi-
ble as shown by the low standard deviation and mean values.

Parameter 4, the degree of subcool, was varied from 5 to 10 K. As adding a subcooler increases the cooling
capacity of the system with no effect on compression work, this parameter has a negligible effect on trip fuel
as confirmed by the recorded low standard deviation and mean values.
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Regarding parameter 5, the evaporator capacity, there are various strategies leading to its augmentation, in-
cluding adding a degree of superheat, adding a degree of subcooling or increasing the refrigerant mass flow
rate. For the sensitivity study the latter strategy is chosen, namely the increase in refrigerant mass flow rate
and monitoring the resulting power demand of the compressor in order to see the effect on trip fuel.

Modified standard deviation, o*
— N w
- o N o w o

o
a1
T

10 20 30 40 50 60
Modified mean, p*

o
O %

Figure 4.3: Sensitivity study for technology demonstrator, analysing impact on trip fuel
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Figure 4.4: Sensitivity study for technology demonstrator, analysing impact on trip fuel

4.2. SENSITIVITY STUDY OF ENGINE OFF-TAKES

To make sure the performance dataset of the CFM56-A1 engine model used in the simulation takes into ac-
count secondary off-takes, a sensitivity study was carried out by varying the Out Rotational power from 0 to
300 shp and recording the resulting values of fuel flow, total thrust and specific fuel consumption. Knowing
the actual fuel flow at zero extraction it is convenient to express the A Fuel flow for each extraction level using
Equation 4.4. Table 4.3 presents the recorded values which are used to plot specific fuel consumption as a
function of shaft power off-takes shown in Figure 4.5. The recorded specific fuel consumption ranging from
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16.71 g/ (kN.s) to 17.11 g/ (kN.s) are in accordance with the fuel consumption of the Airbus A320 during cruise
flight which ranges between 15.4 g/(kN.s) and 18.9 g/ (kN.s) [74].

AFuel flow = Fuel flow — Fuel flow at zero extraction (4.4)

Table 4.3: Shaft power off-takes sensitivities on specific fuel consumption

Out Rotational [shp] | Fuel Flow [kg/s] | AFuel flow [kg/s] | Total Thrust [kN] | SFC [g/(kN.s)]

0 1.44 0 85.88 16.71

50 1.44 0.58 E-2 85.88 16.78
100 1.45 1.16 E-2 85.88 16.85
150 1.45 1.73 E-2 85.88 16.91
200 1.46 2.31E-2 85.88 16.98
250 1.46 2.88 E-2 85.88 17.05
300 1.47 3.46 E-2 85.88 17.11
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Figure 4.5: Variation of specific fuel consumption with secondary shaft power off-takes

To make sure the change in specific fuel consumption resembles the performance of an actual engine, the
slope of the line from Figure 4.5 has to be verified. This was done by considering the variation of the specific
fuel consumption correction factor of the engine data belonging to the Pacelab default model engine deck
and comparing it to data obtained from a second engine deck serving as the verification model. The same
verification engine deck as used in a previous study was selected as it contained data in an altitude range
from 0 to 39000 ft as a function of Mach number varying from 0 to 0.8 [69]. In Pacelab Sysarc the specific
fuel consumption taking into account system architecture is computed by taking the value of SFC from the
APD model and altering it by means of a correction factor defined in a multidimensional data table (MDT).
Both the thrust correction factor, fy. and the fuel flow correction factor, fielfow are defined part of the engine
performance deck MDT as a function of altitude, mach number, shaft power and bleed air extraction levels.
It is then possible to calculate the SFC correction factor, fg., using Equation 4.5 and plot its variation as a
function of shaft power extraction as shown in Figure 4.6. Although the results show a step difference between
the Pacelab default model and the verification model due to the fact that the two engine performance datasets
are not identical, a similar trend of fy. variation with out rotational power is observed. Even though a small
error remains, its influence on the trip fuel results will be negligible since it will be present in both the baseline
model and technology demonstrator.

fsfc — ffuelﬂow 4.5)
fthrust
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Figure 4.6: Variation of SFC correction factor with secondary shaft power off-takes

4.3. VALIDATION OF VAPOUR CYCLE SYSTEM

Validation of the refrigeration system unit is achieved by comparing data obtained from the engineering ob-
ject modelled in Sysarc with experimental data provided by a commercial software for preliminary design
of refrigeration applications called CoolSelector offered by Danfoss. A summary of the validation data used
during the validation process is presented in Table 4.4.

4.3.1. VALIDATION OF EVAPORATOR MODEL

The two phase part of the evaporator, named EVAP1 in Sysarc, is validated by comparing its cooling capac-
ity with that predicted by Coolselector. Validation input data is the same for both Sysarc and Coolselector,
namely a refrigerant mass flow rate of 0.6 kg/s, an evaporation temperature of 0° Celsius and a condensation
temperature of 58° Celsius. Comparing the obtained cooling capacity from Coolselector of 68.08 kW with that
obtained from the Sysarc model of 68.6 kW, a difference of only 0.76 % is noticed.

The overall evaporator’s cooling capacity is validated by adding a degree of superheat to the system. In Cools-
elector this variable is called "Useful superheat”. A similar variable of type temperature interval was defined
in Sysarc under the name deltaT_superheat. Setting the superheat value to 10 K results in a cooling capacity
of 73.45 kW predicted by Coolselector and a value of 73.85 kW calculated in Sysarc, with a difference of only
0.54 % between the two.

4.3.2. VALIDATION OF CONDENSER MODEL

The condenser model is validated by comparing the heating capacity obtained in Coolselector with that ob-
tained in Sysarc. For the same input set of data as for the validation of the evaporator, namely a refriger-
ant mass flow rate of 0.6 kg/s, an evaporation temperature of 0° Celsius and a condensation temperature of
58° Celsius, a heating capacity predicted in Coolselector is obtained as 98.07 kW for a specified compressor
discharge temperature of 75° Celsius. Using the same data in Sysarc, a condenser capacity of 97.94 kW is
obtained, resulting in a difference of only 0.13 % between the two models.

Table 4.4: Validation data for both the condenser and evaporator models

Parameter Unit Sysarc | Coolselector Pcfrcentage
difference
my kg/s 0.6 0.6 -
T1s (Evaporation temperature) ° Celsius 0 0 -
T3s (Condensation temperature) ° Celsius 58 58 -
T, (Compressor discharge temperature) | ° Celsius 75 75 -
Qevapl (Cooling capacity) kw 68.60 68.08 0.76 %
Qevap_total (Cooling capacity) kw 73.85 73.45 0.54 %
Qcond_roral (Heating capacity) kw 97.94 98.07 0.13 %
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4.4, VALIDATION OF AIR CYCLE SYSTEM

For the air cycle system validation the pressure level at the inlet of the air cycle machine, p;, was compared to
that obtained from literature and experimental studies for different operating scenarios. As a first estimate,
the pressure at the exit of the cabin air compressor was set to resemble that of conventional bleed air. The
pressure of the bleed air is a function of the operating condition of the engine, reaching up to 10.3 bar during
cruise. After passing through a pressure reducing valve, bleed air is usually supplied for operating secondary
pneumatic systems such as the air cycle machine with a pressure value of 2.75 bar [2, pp. 241-246]. From
literature worked out examples analysing the thermodynamic performance of bootstrap air-refrigeration cy-
cles for aircraft applications, the actual pressure at the inlet of the air cycle machine is set equal to 4 bar [67,
pp- 79-82]. Another case considered is a study of the transient model validation of an air cycle machine for
which the pressure level at the boundary condition of the air cycle machine equals 1.73 bar [75]. Having
identified various pressure levels linked to the operating of the air cycle machine and knowing from the veri-
fication study that the cabin air compressor exit pressure is a parameter having large linear impact on results,
the impact of various pressure levels on the trip fuel will be investigated when making a comparison between
the baseline model and technology demonstrator.

Table 4.5: Validation data for air cycle machine pressure level at inlet

Parameter P1
Value 1.73 bar [75] | 2.75 bar [2, pp. 241-246] | 4 bar [67, pp. 79-82]

Figure 4.7: T-s diagram air cycle machine

To make sure the air cycle machine respects the work balance required between the auxiliary compressor and
the cooling turbine, the Equations 4.6, 4.7 and 4.8 must be respected. This verification is carried out based on
the data presented in Table 4.6, comparing data from the simulation model to that obtained from a textbook
worked out example.

We =W, (4.6)
mcy, (I3 —T5)
Moy B =) e (Ty-To)m, 4.7)
MNe
hs—hy = hy — hs (4.8)

The aim is to start from the same boundary conditions, namely a pressure level of 4 bar at the inlet of the
air cycle machine and a temperature value of 128 K at the end of the cooling turbine, and verify if the work
balance from Equation 4.8 is satisfied. The turbine efficiency in case of the simulation model was set to 99
% instead of 100 % to avoid a non converge error. The results obtained in Sysarc show the pressure at the
high level point of the cycle, p3, closely resembles the value used for verification purposes. Due to lack of
available data regarding the heat exchangers used in the verification model, the heat exchanger area of the
simulation model was continuously varied until the enthalpy values at key parameters resembled those of
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the verification model. The resulting heat exchanger area allowing to compare the two models was identified
as 14 m?. Another aspect considered is the difference across the accessory compressor that must be equal to
that across the cooling turbine. Since this equality holds true for both models it can be said that the air cycle
machine used in the simulation model works as expected, thus guaranteeing the air cycle machine matching
is met.

Table 4.6: Air cycle machine matching data

Parameter | Unit | Sysarc | Textbook example [67, pp. 79-82] | Percentage difference
p1 bar 4 4 -
Ne % 100 100 -

Nt % 100 99 1%
p3 bar 19.5 194 0.51 %
hy k/kg 291 300 2.99 %
hs kJ/kg 457 471 297 %
hy K/kg 295 300 1.67 %
hs Ki/kg | 128 128 -

hs - hy kI/kg 166 171 2.92 %

hy - hs KJ/kg 166 171 2.92%
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RESULTS

The first part of the results consist of the data obtained from the heat load analysis. This provides the total
heat load for ground and cruise operations, representing the cooling load used to size both the air cycle and
the vapour cycle systems.

Data belonging to the newly designed vapour cycle unit as well as the air cycle system is investigated in the
form of a thermodynamic cycle analysis. For the technology demonstrator this allows to quantify the pres-
sure and specific enthalpy at key points in the thermodynamic cycle such as the compressor suction and
discharge, condensation dew point, condenser outlet and expansion valve outlet. Having control over sys-
tem parameters results in sufficient data required to execute a performance analysis in order to see what is
the coefficient of performance of the system running at a specific cooling capacity and also what is the asso-
ciated work done by the compressor.

For the baseline model the variables used to draw the p-h diagram of the cycle are quantified at all stages of
the cycle starting from the properties of air collected through the ram air inlet up to the temperature, enthalpy
and pressure of air provided by the cooling turbine.

The electrical load analysis serves as a base for comparison between the two systems. Here the emphasis is
placed on establishing a power generation architecture that can be applied to both the baseline model as well
as to the technology demonstrator. The key parameters quantified belong to one of the three main classes
such as utility, essential and galley loads. The aim here is to set up a platform of identical galley and essential
loads, allowing to focus on the differences in power consumption of the utility loads, namely the power con-
sumption of the cabin air compressors as well as that of the refrigerant compressor.

Another investigation performed is the comparison in trip fuel between the baseline model and technology
demonstrator, allowing to see which one is more efficient from a flight mission stand point of view. As a clas-
sification of assumptions were already established using the MOAT study method, the effect of parameters
having a large impact on results is investigated.

5.1. HEAT LOAD ANALYSIS

Taking into account all the heat transfer mechanisms mentioned in Section 3.3 except the heat transfer due to
fuselage radiation which is assumed to be negligible, a heat transfer budget can be created with differentiation
for the cockpit and two cabin zones as presented in Table 5.1. The heat budget contains data for both ground
and cruise conditions resulting in a total heat load of 46.3 kW at ground and 40.4 kW at cruise.

Table 5.1: Heat load budget

Compartment Total internal Total external Total heat Total heat
p heat load [kW] heat load [kw] transfer [kW] load [kW]
Ground | Cruise | Ground | Cruise | Ground | Cruise | Ground | Cruise
Flight deck 0.19 0.19 1.50 2 0.37 -0.55 2.06 1.64
Cabin compartment | g oo 865 | 11.25 14 222 | -330 | 2212 | 19.37
forward
Cabin compartment
aft 8.65 8.65 11.25 14 2.20 -3.28 22.10 19.37
Sum 17.5 17.5 24 30 4.8 -7.1 46.3 40.4
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5.2. THERMODYNAMIC CYCLE ANALYSIS

The thermodynamic cycle analysis consists of quantifying parameters such as pressure and enthalpy at key
points. This is performed for both the baseline model and technology demonstrator.

5.2.1. BASELINE MODEL

In case of the baseline model the thermodynamic cycle analysis serves to obtain the pressure and enthalpy
data along the critical points of the cycle with the aim of quantifying the required cabin air compressor’s
power demand which has a direct impact on the fuel consumption. The thermodynamic data summarised
in Table 5.2 is obtained using the primary and secondary heat exchanger properties selected in the method-
ology section.

Using the thermodynamic data summarised in Table 5.2 the pressure-enthalpy diagrams obtained are plot-
ted in Figure 5.1 for the ground condition and in Figure 5.2 for the cruise segment. For both cases the turbine
outlet operating conditions are fixed at 0.81 bar and 257 K while the cabin air compressor inlet conditions
vary from 1.02 bar at ground level to 0.35 bar at cruise altitude.

The resulting performance calculations aimed at quantifying the coefficient of performance of the cycle are
summarised in Table 5.3, showing a COP of 0.26 for the ground condition and 0.12 for the cruise condition.
The coefficient of performance is lower in case of the cruise condition as it also accounts for pressurisation,
with higher compression power required by the cabin air compressor during cruise.

Table 5.2: Baseline model thermodynamic analysis

Point Description Ground Cruise
p [bar] | h[kJ/kg] | p[bar] | h [k]/kg]
0 CAC inlet 1.02 313 0.35 266
1 CAC outlet; 2.75 433 2.75 519

primary heat exchanger inlet
Primary heat exchanger outlet;

2 i . 2.58 351 2.58 313
auxiliary compressor inlet
3 Auxiliary compressor out!et; 6.36 488 2 60 465
secondary heat exchanger inlet
4 Secondary.heat extfhar}ger outlet; 598 394 290 409
cooling turbine inlet
5 Cooling turbine outlet 0.81 257 0.81 257
7
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Figure 5.1: Baseline model p-h diagram for operation at ground hot day
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Figure 5.2: Baseline model p-h diagram for operation at cruise hot day

Table 5.3: Coefficient of performance calculations for baseline model

Parameter | Unit | Ground | Cruise
Qc KW | 46.28 40.36
Wiam kw 0.77 32.44
Weac kW | 173.56 | 316.80
COPsystem - 0.26 0.12

5.2.2. TECHNOLOGY DEMONSTRATOR

For the technology demonstrator three different designs are investigated. The first one is a simple VCS cycle.
The second one is a superheated cycle. The third is a subcooled cycle. The fourth is a superheated and

subcooled cycle.

SIMPLE VCS

A simple vapour cycle system with an evaporation temperature of 0° Celsius, a condensation temperature
of 58° Celsius, a compressor suction pressure of 290 kPa and a compressor discharge pressure of 1600 kPa
represents the base configuration. The pressure and enthalpy values at various points across the cycle are

presented in Table 5.4.

Table 5.4: Pressure and enthalpy data for a simple VCS with evaporation temperature of 0° Celsius and condensation temperature of

58° Celsius

Point Description Pressure [kPa] | Specific Enthalpy [k]/kg]
1 Compressor suction 290 398.6
2 Compressor discharge 1600 447.7
2s Condensation dew point 1600 426.1
3 Condenser outlet 1600 284.3
4 Expansion valve outlet 290 284.3

The pressure-enthalpy diagram of the simple VCS equipped with an isentropic compressor is presented in
Figure 5.3. In case a non-isentropic compressor is considered, the corresponding p-h and t-s diagrams can

be found in Appendix B.
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Figure 5.3: Pressure-enthalpy diagram for a simple VCS with evaporation temperature of 0° Celsius and condensation temperature of
58° Celsius (with isentropic compressor) hy = 447.7 kJ/kg

The cooling capacity of the system depends directly on the refrigerant mass flow rate and is summarised
in Table 5.5 together with the performance data of the refrigerant compressor. The data presented applies
to an ideal cycle having a cooling capacity that closely matches the thermal heat loads of the cabin. For
redundancy the simulation model consists of two VCS packs each running at half of the cooling capacity,
thus the refrigerant mass flow rate and compressor power consumption of each pack set at half of the values
presented.

Table 5.5: Refrigerant compressor performance data for a simple VCS cycle for two operation modes: ground and cruise

Parameter Unit Ground | Cruise
Refrigerant mass flow rate kg/s 0.41 0.36
Cooling capacity kw 46.88 41.16
Condensing temperature °Celsius 58 58
Evaporating temperature °Celsius 0 0
Compression work, isentropic kw 19.68 17.28
Isentropic efficiency % 75 75
Compression work, effective kw 26.24 23.04
Mechanical efficiency % 90 90
Shaft power input kw 29.16 25.60
Motor drive efficiency % 90 90
Electrical power input kw 32.40 28.44

The efficiency of the simple VCS cycle can be assessed using the coefficient of performance calculations.
Considering the data presented in Table 5.6 and taking the pressurisation effect into account, the resulting
COP for a simple VCS integrated at aircraft level equals 1.16 for ground operations and 0.28 for the cruise
phase. Neglecting the pressurisation effect and integration at aircraft level, the coefficient of performance
of the standalone simple VCS is also be computed under the name COP; 5, for which only the isentropic
efficiency is considered. The resulting local COP has a value of 1.79 for both ground and cruise operations.

Table 5.6: Coefficient of performance calculations for technology demonstrator equipped with simple VCS

Parameter Unit | Ground | Cruise

Qc kw 46.88 41.16

Wram kW 0.60 26.60

Weac kW 8.96 92.88
WRefrigerant compressor kw 32.40 28.44
COPsystem - 1.16 0.28
COPrcal - 1.78 1.78
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VCS WITH SUPERHEATING

Based on the simple VCS presented above, a modified refrigeration cycle is obtained by adding a 10° Celsius
superheat. The corresponding thermophysical data and pressure-enthalpy diagrams can be seen below in
Table 5.7 and Figure 5.4 respectively. Any difference in a parameter such as an increase or decrease with
respect to the simple VCS is represented in the table as a percentage difference.

Table 5.7: Pressure and enthalpy data for a superheated VCS with evaporation temperature of 0° Celsius, condensation temperature of
58° Celsius and a superheat value of 10° Celsius

Point | Description Pressure [kPa] | Specific Enthalpy [k]/kg]
1s Evaporation dew point 290 398.6
1 Compressor suction 290 408.5
2 Compressor discharge 1600 457.9 (+2.2%)
2s Condensation dew point | 1600 426.1
3 Condenser outlet 1600 284.3
4 Expansion valve outlet 290 284.3
10"
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Figure 5.4: Pressure-enthalpy diagram for a superheated VCS with evaporation temperature of 0° Celsius, condensation temperature of
58° Celsius and a superheat value of 10° Celsius

Compared to a simple VCS, adding a 10 °Celsius superheat increases the cooling capacity of the system. The
drawbackis an increased work done by the compressor. Overall the effect of enhancing the cycle with a degree
of superheat results in a slight improvement in the coefficient of performance because in absolute terms the
increase in cooling capacity is much greater than the increase in compression work.

VCS WITH SUBCOOLING

In this section the effects of subcooling will be analysed and the results will be compared to those of a simple
VCS previously presented. The corresponding pressure and enthalpy data belonging to a subcooled cycle
with a degree of subcooling of 10 °Celsius is presented in Table 5.8. The corresponding pressure-enthalpy
diagram is presented in Figure 5.5.

Table 5.8: Pressure and enthalpy data for a subcooled VCS with evaporation temperature of 0° Celsius, condensation temperature of 58°
Celsius and a subcool value of 10° Celsius

Point Description Pressure [kPa] | Specific Enthalpy [k]/kg]
1 Compressor suction 290 398.6
2 Compressor discharge 1600 447.7
2s Condensation dew point 1600 426.1
3s Condensation bubble point 1600 284.3
3 Condenser outlet including additional subcooling 1600 268.5
4 Expansion valve outlet 290 268.5
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Figure 5.5: Pressure-enthalpy diagram for a subcooled VCS with evaporation temperature of 0° Celsius, condensation temperature of
58° Celsius and a subcool value of 10° Celsius

The main effect of subcooling as compared to a simple VCS cycle is an increased cooling capacity of the sys-
tem, resulting in a higher coefficient of performance. This is possible since the work done by the compressor
is not affected when adding a subcooler.

VCS WITH SUPERHEATING AND SUBCOOLING

At this point a simple vapour cycle system that meets the requirements has been designed and both the effects
of superheating and subcooling were investigated separately. It is now possible to design an advanced VCS
cycle by adding a 10° Celsius superheat and a 10° Celsius subcooling degree simultaneously while monitoring
the effect on the coefficient of performance. The changes with respect to the simple VCS are also indicated
by means of percentage differences in the following data tables, starting with Table 5.9 showing the updated
thermodynamic cycle data of the advanced cycle.

Table 5.9: Pressure-enthalpy diagram for a superheated and subcooled VCS with evaporation temperature of 0° Celsius, condensation
temperature of 58° Celsius, a superheat value of 10° Celsius and a subcool value of 10° Celsius

Point Description Pressure [kPa] | Specific Enthalpy(kJ/kg]
1s Evaporation dew point 290 398.6
1 Compressor suction 290 408.5
2 Compressor discharge 1600 457.9 (+2.2%)
2s Condensation dew point 1600 426.1
3s Condensation bubble point 1600 284.3
3 Condenser outlet including additional subcooling 1600 268.5
4 Expansion valve outlet 290 268.5

Corresponding the pressure-enthalpy diagram shown in Figure 5.6, as a degree of 10° Celsius superheat is
added to the cycle, the effect is an increased evaporator capacity. Since the cooling capacity can be kept fixed
around the total heat load to be cooled down, the benefit of adding a degree of superheat is the possibility
of reducing the mass flow rate of the refrigerant with the aim of minimising the work done by the refrigerant
compressor. The same principle applies to the degree of subcooling which would again increase the cooling
capacity of the cycle, however it is preferred to further reduce the refrigerant mass flow rate instead. The re-
sults are summarised in Table 5.10 showing reduced refrigerant mass flow rates, ultimately leading to reduced
electrical power input values to be provided to the refrigerant compressor.
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Figure 5.6: Pressure-enthalpy diagram for a superheated and subcooled VCS with evaporation temperature of 0° Celsius, condensation
temperature of 58° Celsius, a superheat value of 10° Celsius and a subcool value of 10° Celsius (with isentropic compressor)

Table 5.10: Refrigerant compressor performance data for an advanced VCS cycle with evaporation temperature of 0° Celsius,
condensation temperature of 58° Celsius, a superheat value of 10° Celsius and a subcool value of 10° Celsius. Data for two operation

Parameter Unit Ground Cruise
Refrigerant mass flow rate kg/s 0.34 (-18.4%) | 0.30 (-18.2%)
Cooling capacity kw 47.20 41.65
Condensing temperature °Celsius 58 58
Evaporating temperature °Celsius 0 0
Compression work, isentropic kw 17.27 15.24
Isentropic efficiency % 75 75
Compression work, effective kw 23.03 20.32
Mechanical efficiency % 90 90
Shaft power input kw 25.59 22.85
Motor drive efficiency % 90 90
Electrical power input kw 28.43 (-13%) | 25.09 (-12.5%)

The resulting performance related data of the improved cycle is summarised in Table 5.11 showing increased
coefficient of performance values for both ground and cruise conditions. This is made possible due to the re-
duction in required refrigerant mass flow rate, resulting in decreased refrigerant compressor power demand.

Table 5.11: Coefficient of performance calculations for technology demonstrator equipped with an advanced VCS with evaporation
temperature of 0° Celsius, condensation temperature of 58° Celsius, a superheat value of 10° Celsius and a subcool value of 10° Celsius.

Data for two operation modes: ground and cruise

Parameter Unit Ground Cruise

Q. kW 47.20 41.65

Wiam kW 0.60 26.60

Weac kw 8.96 92.88
WRefrigerant compressor kW 28.43 (-13%) | 25.09 (-12.5%)

COPSystem

1.24 (+6.7%)

0.29 (+3.5%)

COPypcal

2.05 (+14%)

2.05 (+14%)

5.3. ELECTRIC LOAD ANALYSIS
Based on the proposed methodology regarding the electric loads analysis presented in Section 3.4, a power
budget is created for both the baseline model and the technology demonstrator, followed by a comparison
between the two. To make a fair comparison between the two models, the values for the essential loads and

500
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the galley loads shall be the same for both models. The essential load considered is the cockpit avionics elec-
trical load, assumed to have a nominal power demand of 10 kW constant throughout all the flight phases. The
galley loads considered consist of the forward galley load and the aft galley load, each with a nominal power
demand of 40 kW. This value can be adjusted by altering the OperatingRatio parameter in the assumptions list
prior to triggering the performance envelope. An operating ratio of 50% corresponding to 40 kW is assumed
during pre-flight, taxi, descent and landing. For cruise conditions an operating ratio of 100 % is assumed,
corresponding to a total maximum power demand of 80 kW. For the take-off and climb an operating ratio of
75 % is assumed, resulting in a power demand of 60 kW.

5.3.1. BASELINE MODEL

As discussed in the methodology section, it is possible to control the power demand of the cabin air compres-
sors as a function of the mix manifold recirculation ratio and the exit pressure of the cabin air compressor.
For a cabin air compressor exit pressure during both flight and cruise conditions of 2.75 bar in combination
with a recirculation ratio of 50%, the utility loads can be quantified. Comparing ground to cruise operations,
lower utility loads are recorded in the former case due to a lower operating pressure ratio of the cabin air com-
pressor. For ground operations the pressure of the air at the inlet of the cabin air compressor has a pressure
of 1 bar as compared to approximately 0.35 bar as in the case of cruise at 35000 ft. To simplify the diagram
the utility loads during the remaining flight cases such as take-off, cruise, descent and landing are set equal
to those required during the critical condition identified as the cruise segment.

5.3.2. TECHNOLOGY DEMONSTRATOR

The power budget corresponding to the electrical load analysis of the technology demonstrator slightly differs
from that of the baseline model due to different utility loads. As opposed to the air cycle machine, in case of
the vapour cycle system the cabin air compressor has to meet only the pressurisation requirement, thus its
exit pressure is set to a value just above the required cabin altitude. Thus for the ground condition the exit
pressure of the cabin air compressor is set to 1.1 bar, while for the cruise segment the chosen exit pressure is
set equal to 0.9 bar, just above the cabin altitude requirement of 6000 ft. For the remaining flight segments the
operating condition of the cabin air compressor is set equal to the condition selected for the cruise segment,
allowing to simplify the electrical load analysis diagram and focusing on the chosen critical design points,
namely the ground and cruise flight segments.

5.3.3. COMPARISON

Having obtained the electrical load analysis for the two configurations a comparison of secondary power
off-takes and electrical power demand can be performed. To make sure the newly designed refrigeration
system copes with all flight conditions, the flight phase corresponding to the highest power demand shall
be used in rating the total installed electrical power generation required. Table 5.12 shows a summary of
the critical secondary power off-take values considered when comparing the baseline model with the vapour
cycle system. The two off-takes considered are the pneumatic bleed air (Out Pneumatic) and mechanical
shaft power (Out Rotational). In case of the pneumatic off-take, this is set equal to zero in both cases. As
mentioned above, the cruise phase was identified as the critical design condition, in which case the shaft
power extraction is equal to 553 shp in case of the baseline model, while for the technology demonstrator it
is equal to 316 shp. The results are presented graphically in Figure 5.7.
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Figure 5.7: Secondary shaft power extraction variation with mission timeline
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Table 5.12: Secondary power off-takes and electrical power demand during cruise flight segment

Secondary power off-takes Baseline | Technology
and system’s electrical power demand | model | demonstrator
Out Pneumatic [kg/s] 0 0
Out Rotational [shp] 553 316

5.4. TRIP FUEL COMPARISON

A trip fuel comparison study between the baseline model and technology demonstrator has been carried
out for different scenarios. Starting from a first set of results, the effect of assumptions on results has been
investigated, followed by the effect of a possible weight penalty.

5.4.1. FIRST SET OF RESULTS

Taking into account the critical power demand of both architectures, a comparison of trip fuel consumption
can be performed between the baseline model and the technology demonstrator where variations in trip fuel
are recorded for different flight missions ranging from 500 nm to 2000 nm, also covering the selected baseline
mission of 1000 nm. The resulting fuel savings vary from 1.52 % for a 500 nm flight mission up to 1.70 % for a
2000 nm flight mission.

Table 5.13: Trip fuel comparison results with baseline model air cycle system running at P ex;;=2.75 bar

Parameter Unit Value
Distance nm 500 | 1000 | 1500 | 2000
Trip fuel baseline model kg | 3575 | 6586 | 9693 | 12916
Trip fuel technology demonstrator | kg | 3521 | 6480 | 9533 | 12698
Delta trip fuel kg 54 106 160 218
Fuel savings % 1.52 | 1.62 | 1.66 1.70
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Figure 5.8: Delta trip fuel comparison, initial set of results

5.4.2. EFFECT OF ASSUMPTIONS ON RESULTS

The effect of assumptions on results is investigated by running additional simulations. Based on the sen-
sitivity study the parameters could be classified as either negligible or having a large impact on results. An
example of a parameter having high linear effects on results is the cabin air compressor exit pressure, which
was set at a default value of 2.75 bar in case of the baseline model. It was noticed that the air cycle machine
can also operate at other pressure levels, ranging from 1.73 bar to 4 bar. Since it was already highlighted that
for a pressure level of 2.75 bar air cycle system integrated at aircraft level is less efficient in terms of fuel con-
sumption than the vapour cycle system, an additional computation of trip fuel this time setting the pressure
at the exit of the cabin air compressor at the minimum value of 1.73 bar is investigated with results shown
in Table 5.14. The results show a decrease in trip fuel for the baseline model throughout the four simulated
missions ranging from 500 nm to 2000 nm. For a common design mission of 1000 nm, the delta trip fuel
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between the baseline model and technology demonstrator was decreased from 109 kg to 57 kg, resulting in a
fuel savings of 0.92 % in case of the vapour cycle system equipped technology demonstrator.

Table 5.14: Trip fuel comparison results with baseline model air cycle system running at P ¢x;;=1.73 bar

Parameter Unit Value
Distance nm 500 1000 1500 2000
Trip fuel
baseline model kg | 3550(-0.70%) | 6537(-0.76%) | 9620(-0.76%) | 12816(-0.78%)
Trip fuel
technology demonstrator kg 3521 6480 9533 12698
Delta trip fuel kg 29 57 87 118
Fuel savings % 0.82 0.87 0.91 0.93
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Figure 5.9: Delta trip fuel comparison accounting for the effect of a reduced cabin air compressor exit pressure in case of the baseline
model

5.4.3. EFFECT OF WEIGH"

I PENALTY

Up to this point the assumption of no difference in mass between the two systems has been applied. It is
interesting to investigate what would be the effect of a weight penalty on the difference in fuel trip compari-
son. For this study a most pessimistic weight penalty of 150 kg was considered. This value has been chosen
according to data found in literature regarding the two options of environmental control systems applied to
the Lockheed Constellation. For this aircraft an air cycle system with a mass of 114 kg was available, with
an alternative of a vapour cycle system with a mass of 265 kg [76]. This approximate 150 kg difference in
mass between the two systems can be associated with the technology of years 1946-1958 when vapour cycle
systems were still using heavy reciprocating compressors.

Table 5.15: Trip fuel comparison results with baseline model air cycle system running at P4 exj=2.75 bar

Parameter Unit Value
Distance nm 500 1000 1500 2000
Trip fuel
baseline model kg 3575 6586 9693 12916
Trip fuel
technology demonstrator kg 3526(+0.14%) | 6489(+0.14%) | 9548(+0.16%) | 12718(+0.16%)
Delta trip fuel kg 49 97 145 198
Fuel savings % 1.38 1.48 1.51 1.54
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Figure 5.10: Delta trip fuel comparison accounting for the effect of weight penalty of 150kg applied to the VCS model






CONCLUSIONS

A design and assessment study for a novel environmental control system using the vapour compression re-
frigeration cycle was carried out with the aim of quantifying its impact on aircraft performance and compare
it with that of an electric driven air cycle machine based system. The three main design driving functions to
be met by both systems were defined part of the requirements engineering process as temperature control
to be maintained between 18° and 23 °Celsius, a maximum cabin pressure altitude of 6000 ft and ventilation
control with a minimum fresh air mass flow rate of 10 ft3/min.

Using a heat transfer model the cabin was discretised in three compartments for which the total heat load
was computed by taking into account the effects heat transfer mechanisms such as conduction, convection
and solar radiation. For ground operations a heat load of 46.3 kW was obtained, while for the cruise flight
segment a heat load of 40.4 kW was obtained, representing the cooling load required to size the refrigeration
units.

The conventional environmental control system unit to be installed onboard the baseline model consists of
a dual heat exchanger air cycle machine assembly in combination with an electrically driven cabin air com-
pressor. The two heat exchangers were chosen accordingly to the most used type employed in air to air heat
exchangers, namely compact heat exchangers with plate fin geometry, off-set strip fins and counter-flow ar-
rangement. For the air cycle machine a compressor isentropic efficiency of 75% was considered, while for the
cooling turbine isentropic efficiency a value of 80% was set.

The novel system to be installed onboard the technology demonstrator consists of an advanced vapour com-
pression refrigeration cycle taking into account both the effects of superheating and subcooling. The evap-
orator assembly was discretised in two zones in order to account for the sensible heat transfer as well as for
the the latent heat transfer occurring prior to compression. The condenser assembly was discretised in three
zones allowing to model the sensible heat transfer occurring as the refrigerant exits the compression phase,
the latent heat transfer occurring inside the two phase region of the refrigerant saturation curve and the sen-
sible heat transfer associated with subcooling.

The architecture of both systems was verified part of a sensitivity study using the MOAT method which has
highlighted the parameters having a significant impact on the trip fuel for a baseline mission of 1000 nm and
12000 kg payload. In case of the technology demonstrator it was shown that the refrigerant mass flow rate
has a large linear impact on the resulting trip fuel as this variable was directly affecting the power demand of
the refrigerant compressor. Using R134a refrigerant the cooling capacity of the vapour cycle system was met
by a refrigerant mass of 0.34 kg/s during ground and 0.30 kg/s during cruise operations.

Sensitivity of the system to secondary power off-takes was verified by varying the out rotational power extrac-
tion from each engine and noticing the change in specific fuel consumption. Increasing power off-takes from
0 to 300 shp resulted in an increased specific fuel consumption from 16.7 to 17.1 g/(kN.s). Comparing the
engine data with an alternative performance deck model allowed to also verify the slope of the line between
specific fuel consumption correction factor and out rotational off-takes, showing a similar increasing trend
between the two.

The obtained results can be directly linked to the proposed research question "What is the impact on the
trip fuel when replacing a conventional electrically driven air management system with an electrically driven
vapour cycle refrigeration system?". The impact of the two environmental control systems architectures on
trip fuel was determined by first quantifying the power demand of the systems. Taking into account both
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pressurisation and refrigeration effects the efficiency of the systems were assessed and compared based on
coefficient of performance calculations. The calculated coefficient of performance during cruise was equal
to 0.29 for the vapour cycle system and 0.12 for the electrically driven air cycle machine, highlighting the
newly designed system as the more efficient of the two. This effect was confirmed again at aircraft level as the
installation of the vapour cycle system resulted in a fuel saving of up to 106 kg (-1.62%) for a baseline mis-
sion of 1000 nm and 12000 kg payload. The initial set of results is based on the assumption that both system
architectures have the same weight. In case of a most pessimistic weight penalty of 150 kg added to the VCS
architecture, the fuel saving reduces to 97 kg (-1.48%), still indicating that the novel vapour cycle system is
more efficient. Taking into account the effect of assumptions on results, different cabin air compressor exit
pressure values were considered for the air cycle machine architecture as this parameter was identified as
having large linear effects on results. It was determined that the air cycle machine can function at different
inlet pressure levels ranging from 1.73 bar to 4 bar. Even when operating at the lowest inlet pressure of 1.73
bar it was shown that the air cycle machine is still less efficient than the vapour cycle system, with a delta trip
fuel of 57 kg (-0.87%) in favour of the vapour cycle refrigeration unit.
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RECOMMENDATIONS

The current research provides insights into the development and integration at aircraft level of a vapour com-
pression refrigeration unit which remains an open challenge. The major obstacle identified during the con-
figuration process was the transition from the requirements to the technology implementation. Designing
a system with a duty capacity in the range of 40-45 kW using a centrifugal compressor offers the freedom to
consider numerous system architectures starting from simple single-stage cycles up to advanced cycles in-
cluding subcooling, expansion loss recovery and multi-stage configurations.

The results obtained from the thermodynamic analysis of the vapour cycle system indicate that a system
meeting the refrigeration requirements must have a design mass flow rate ranging from 0.36 kg/s to 0.41
kg/s depending on whether the system operates while the aircraft is on ground or during cruise phase. The
pressure ratio for the resulting system is equal to 5.5, taking the low pressure level at 2.9 bar and the high
pressure level at 16 bar. The presented data translates into a mass flow rate requirement and a pressure ratio
requirement.

7.1. MASS FLOW RATE REQUIREMENT

Based on the literature review on miniature compressors summarised in Appendix A, the mass flow rates
of such compressors attain values in the range of 1-30 g/s. Thus it is clear that a system using only one
centrifugal miniature compressor would not meet the mass flow rate requirement. In order to increase the
overall mass flow rate of the system, two or more compressors can be placed in parallel. This configuration
will allow to increase the overall mass flow rate while keeping the pressure ratio of the system equal to that of
a single compressor set-up.

7.2. PRESSURE RATIO REQUIREMENT

Based on the literature review on miniature compressors summarised in Appendix C typical pressure ratios
for a single stage centrifugal compressors operating at speeds from 50,000 to 500,000 rom ranges between 1
and 2, much below the pressure ratio requirement of 5.5. In order to increase the pressure ratio, two or more
compressors can be placed in series. The resulting mass flow rate will be the same but the resulting pressure
ratio will be higher than in the case of a single compressor configuration and can be computed by multiplying
the pressure ratios of each compressor stage, as shown by Equation 7.1

B=p1-P2...0n (7.1)

7.3. PROPOSED SYSTEM TO BE INVESTIGATED

For detailed weight calculations a vapour cycle system using miniature centrifugal compressors must be de-
signed taking into account both the mass flow rate and pressurisation requirement. The resulting system
shown in Figure 7.1 shows a multi stage compressor configuration with n compressors placed in parallel (to
meet the mass flow rate requirement) and m compressors placed in series (to meet the pressure ratio require-
ment). Placing more compressors in series results in additional heat produced after each compression stage.
To minimise this the integration of an additional heat exchanger named a flash inter-cooler may be required,
increasing further the overall system mass [67, pp. 122-141].
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Figure 7.1: VCS schematic proposal with a number of n miniature centrifugal compressors placed in parall and a number of m placed in
series

Different types of compressor configurations integrated in multistage cycles were already investigated in var-
ious studies. A summary of data has been gathered in Appendix C including rotary and centrifugal com-
pressors. Compared to 1998 technology when a dual stage vapour compression system using a centrifugal
compressor could reach a pressure ratio of 4 for a compressor speed of 47,000 rpm [77] a shift towards higher
compressor rotational speeds of up to 500,000 rpm has been noticed from research performed between 2009
and 2013 [78] [21].



REFERENCE DATA REFRIGERANT R134A

The reference state for refrigerant R134a thermophysical properties corresponds to SI units as given by ASHRAE
2017 Fundamentals (SI Edition) [16, pp. 811-812], being set to 0 ° Celsius for a saturated liquid enthalpy of h¢
=200 kJ/kg and an associated entropy of sy = 1 kJ/(kg.K). It was noticed in other references such as Yunues et
al. [79, p. 966] that the reference state was linked to the imperial units, in which the saturated liquid enthalpy
and entropy values were set to zero at -40 ° Celsius.

Figure A.1 contains the thermopyhsical properties of the R134a refrigerant in the temperature range from -
100 ° to 2 ° Celsius, while Figure A.2 contains the remaining properties in the range from 4 ° to 100 ° Celsius.
Figure A.3 contains the pressure-enthalpy diagram including the saturation curve of the refrigerant.

PO T Enthalpy, Entropy, Specific Heat

Pres- Density, Volume, S it S 3
Temp.,* sure, ko/m* m¥ke kd/kg ki/(kg-K) ¢p> kVi(kg-K)
%€ MPa Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor

—103.30* 0.00039 1591.1 35.4960 71.46 33494 04126 19639 1.184 0.585
-100 0.00056 1582.4 25.1930 7536 336.85 04354 19456 1.184 0.593
-90 0.00152 1555.8 9.7698 87.23 34276 05020 1.8972 1.189 0.617
—80 0.00367 1529.0 4.2682 99.16 348.83  0.5654 1.8580 1.198 0.642
70 0.00798 15019 2.0590 111.20 355.02 0.6262 1.8264 1.210 0.667
—60 0.01591 14743 1.0790 12336 361.31 0.6846 1.8010 1.223 0.692
50 0.02945 14463 0.60620 135.67 367.65 0.7410 1.7806 1.238 0.720
—40 0.05121 1417.7 036108 148.14 374.00 0.7956 1.7643 1.255 0.749
=30 0.08438 13884 0.22594 160.79 380.32 0.8486 1.7515 1.273 0.781
—28 0.09270 13824 0.20680 163.34 381.57 0.8591 1.7492 1.277 0.788
—26.07" 0.10133 1376.7 0.19018 165.81 382.78 0.8690 1.7472 1281 0.794
-26 0.10167 13765 0.18958 165.90 382.82 0.8694 1.7471 1.281 0.794
—24 0.11130 13704 0.17407 168.47 384.07 08798 1.7451 1.285 0.801
-22 0.12165 13644 0.16006 171.05 38532 0.8900 1.7432 1.289 0.809
-20 0.13273 13583 0.14739 173.64 386.55 09002 1.7413 1.293 0.816
-18 0.14460 1352.1 0.13592 176.23 387.79 09104 1.739% 1.297 0.823
-16 0.15728 13459 0.12551 178.83 389.02 09205 1.7379 1.302 0.831
—14 0.17082 1339.7 0.11605 18144 390.24 09306 1.7363 1.306 O0.838
-12 0.18524 13334 0.10744 184.07 391.46 09407 1.7348 1311 0.846
-10 0.20060 1327.1 0.09959 186.70 392.66 09506 1.7334 1316 0.854
-8 0.21693 1320.8 0.09242 189.34 393.87 09606 1.7320 1.320 0.863
—6 0.23428 13143 0.08587 191.99 395.06 09705 1.7307 1325 0.871
—4 0.25268 1307.9 0.07987 194.65 3%96.25 09804 1.7294 1.330 0.880
-2 0.27217 13014 007436 19732 397.43 09902 1.7282 1.336 O0.888
0 0.29280 1294.8 0.06931 200.00 398.60 1.0000 1.7271 1.341 0.897

2 0.31462 1288.1 0.06466 202.69 399.77 1.0098 1.7260 1.347 0.906

Figure A.1: R134a refrigerant properties from -100 ° to 2 ° Celsius , adapted from ASHRAE 2017 Fundamentals (SI Edition) [16, p. 812]
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P Enthalpy, Entropy, Specific Heat

Pres- Density, Volume, e i 3 "

Temp.* sure, keg/m® mYkg klJ/kg kJ/(kg:K) Cps kJ/(kg-K)
% MPa Liquid Vapor Ligquid Vapor Liquid WVapor Liquid Vapor

4 033766 12814 0.06039 20540 40092 1.0195 1.7250 1.352 0916
6 036198 12747 0.05644 208.11 402.06 1.0292 1.7240 1.358 0.925
8 0.38761 1267.9 0.05280 210.84 403.20 1.0388 1.7230 1.364 0.935
10 041461 1261.0 0.04944 213.58 40432  1.0485 1.7221 1370 0.945
12 0.44301 1254.0 0.04633 21633 40543  1.0581 1.7212 1377 0.956
14 0.47288 12469 0.04345 219.09 406.53  1.0677 1.7204 1.383 0.967
16 0.50425 1239.8 0.04078 221.87 407.61 1.0772 1.7196 1390 0978
18 0.53718 1232.6 0.03830 224.66 408.69 1.0867 1.7188 1.397 0.989
20 057171 12253 0.03600 22747 409.75 1.0962 1.7180 1405 1.001
22 0.60789 1218.0 0.03385 230.29 410.79 1.1057 1.7173 1413 1.013
24 0.64578 12105 0.03186 233.12 411.82 1.1152 1.7166 1421 1.025
26 0.68543 12029 0.03000 23597 412.84 1.1246 1.7159 1429 1.038
28 0.72688 11952 0.02826 238.84 413.84 1.1341 1.7152 1437 1.052
30 0.77020 1187.5 0.02664 241.72 41482 1.1435 1.7145 1446 1.065
32 0.81543 1179.6 0.02513 244.62 41578 1.1529 1.7138 1.456 1.080
34 0.86263 1171.6 0.02371 247.54 41672 1.1623 1.7131 1466 1.095
36 091185 11634 0.02238 25048 417.65 1.1717 17124 1476 1.111
38 0.96315 1155.1 0.02113 25343 41855 1.1811 1.7118 1487 1.127
40 1.0166 1146.7 0.01997 25641 41943 1.1905 L7111 1498 1145
42 1.0722 11382 0.01887 259.41 420.28 1.1999 1.7103 1.510 1.163
44 1.1301 11295 0.01784 262.43 421.11 1.2092 1.7096 1.523 1.182
46 1.1903 1120.6 0.01687 26547 421.92 1.2186 1.7089 1.537 1.202
48 1.2529 1111.5 0.01595 268.53 422.69 1.2280 1.7081 1.551 1.223
50 1.3179 11023 0.01509 271.62 42344 1.2375 1.7072 1.566 1.246
52 1.3854 10929 0.01428 274.74 42415 12469 1.7064 1.582 1.270
54 1.4555 1083.2 0.01351 277.89 424.83 1.2563 1.7055 1.600 1.296
56 1.5282 10734 0.01278 281.06 42547 1.2658 1.7045 1.618 1.324
58 1.6036 1063.2 0.01209 284.27 426.07 12753 1.7035 1.638 1.354
60 1.6818 10529 0.01144 287.50 426.63 1.2848 1.7024 1.660 1.387
62 1.7628 10422 0.01083 290.78 427.14 1.2944 1.7013 1.684 1.422
64 1.8467 1031.2 0.01024 294.09 427.61 13040 1.7000 1.710 1.461
66 1.9337 1020.0 0.00969 297.44 428.02 1.3137 1.6987 1.738 1.504
68 2.0237 1008.3 0.00916 300.84 42836 1.3234 1.6972 1.769 1.552
70 2.1168  996.2 0.00865 30428 428.65 1.3332 1.6956 1.804 1.605
72 2.2132  983.8 0.00817 307.78 428.86 1.3430 1.6939 1.843 1.665
74 23130  970.8 0.00771 31133 429.00 1.3530 1.6920 1.887 1.734
76 24161  957.3 0.00727 31494 429.04 13631 1.6899 1.938 1.812
78 2.5228  943.1 0.00685 318.63 42898 1.3733 1.6876 1.996 1.904
80 2.6332 9282 0.00645 32239 428.81 1.3836 1.6850 2.065 2.012
85 29258 887.2 0.00550 33222 427.76 14104 1.6771 2306 2397
90 3.2442  837.8 0.00461 342.93 42542 14390 1.6662 2.756 3.121
95 3.5912 7727 0.00374 35525 420.67 1.4715 1.6492 3.938 5.020
100 3.9724 651.2 0.00268 373.30 407.68 15188 1.6109 17.59 2535

Figure A.2: R134a refrigerant properties from 4 ° to 100 ° Celsius, adapted from ASHRAE 2017 Fundamentals (SI Edition) [16, p. 812]
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Figure A.3: R134a Pressure-Enthalpy diagram, copied from ASHRAE 2017 Fundamentals (SI Edition) [16, p. 811]
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The constant pressure tables (superheated refrigerant tables) are used for two main reasons. Firstly the spe-
cific heat capacities required in calculating the sensible heat transfer in the condenser and evaporator are ex-
tracted. For the compressor suction a pressure a value of 290 kPa is used (shown in Figure A.4), the same table
being implemented in Sysarc under the name of Pace.Sysarc.SysArcDataStructure.R134aCp_290kPa. Secondly
the enthalpy at the suction and discharge points can be extracted at a fixed pressure as a function of tempera-
ture, allowing to calculate the work done by the compressor. For the suction pressure of 290 kPa, the enthalpy
values are copied from the table shown in Figure A.4 and implemented in the Sysarc Knowledge Designer
database under the name of Pace.Sysarc.SysArcDataStructure.R134a_h_290kPa. At this point the MDT’s are
part of the project however in order to use the stored data additional parameters have to be defined under
SysarcDataStructure.AircraftSystems.Parameters to which the MDT data will be assigned. These parameters
of type multidimensional data tables are named R134a_h_290kPa and R134a_Cp_290kPa.

PRESSURE = 290.00 kPa (abs) TEMP
v H S Cp Cp/Cv Vs °C

0.00077 199.6 0.9986 1.3403 1.5214 626.4 -0.28
0.06995 398.6 1.7280 0.8871 11774 147.0 -0.28
0.07005 3989 1.7289 0.8870 1.1770 1471 0
0.07183 403.3 1.7449 0.8864 1.1690 149.1 5
0.07359 407.8 1.7607 0.8869 1.1620 151.0 10
0.07531 4122 1.7763 0.8885 1.1558 152.8 15
0.07701 416.6 1.7916 (0.8909 1.1503 154.6 20
0.07867 4211 1.8067 0.8939 1.1454 156.4 25
0.08033 4256 1.8216 0.8976 1.1409 158.1 30
0.08196 4301 1.8363 0.9018 1.1369 159.7 35
0.08358 4346 1.8508 0.9064 1.1332 161.3 40
0.08517 439, 1.8652 0.9113 1.1298 162.9 45
0.08676 4437 1.8795 0.9166 1.1267 164.4 50
0.08835 4483 1.8936 0.9221 1.1239 166.0 55
0.08990 4529 1.9076 0.9279 1.1212 167.4 60
0.09145 4576 1.9215 0.9338 1.1187 168.9 65
0.09301 462.3 1.9352 0.9399 1.1164 170.3 70
0.09455 467.0 1.9489 0.9462 1.1143 171.8 15
0.09606 an.a 1.9624 0.9525 1.1123 1731 80
0.09760 4765 1.9758 0.9590 1.1104 174.5 85
0.09911 4813 1.9892 0.9656 1.1086 175.9 90
0.10062 486.2 2.0024 09722 1.1069 177.2 95
0.10213 4910 2.0156 0.9788 1.1053 178.5 100
0.10363 496.0 2.0286 0.9855 1.1038 179.8 105
0.10512 5009 2.0416 0.9923 1.1024 181.1 110
0.10663 5059 2.0546 0.9990 1.1010 182.4 115
0.10812 5109 2.0674 1.0058 1.0997 183.7 120
0.10960 5159 2.0801 1.0126 1.0985 184.9 125
0.11107 521.0 2.0928 1.0194 1.0973 186.1 130
0.11256 526.1 2.1054 1.0262 1.0961 187.4 135
0.11404 5313 2.1180 1.0329 1.0950 188.6 140
0.11550 536.5 2.1304 1.0397 1.0940 189.8 145
0.11697 541.7 2.1428 1.0464 1.0930 191.0 150

Figure A.4: R134a refrigerant properties: constant pressure table (superheated refrigerant table) at 290 kPa (2.9 bar)
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For the compressor discharge a pressure estimation of 1600 kPa is used corresponding to a chosen con-
densation temperature of 58 ° Celsius (shown in Figure A.5). The constant pressure table is implemented
in Sysarc as an MDT under the name of Pace.Sysarc.SysArcDataStructure.R134aCp_1600kPa which is called
by the parameter R134a_cp_1600kPa used in the calculation of the actual cp value as a function of tem-
perature. In an analogue way the enthalpy values are extracted and stored in Sysarc as an MDT under the
name of Pace.Sysarc.SysArcDataStructure.R134a_h_1600kPa. The corresponding parameters used to access
the MDT data at a constant pressure of 1600 kPa are defined under the names of R134a_h_1600kPa and
R134a_Cp_1600kPa.

PRESSURE = 1600.00 kPa (abs) TEMP
Vv H S Cp Cp/Cv Vg °C

0.00094 2845 1.2759 1.6468 1.6959 3516 57.88
0.01215 426.5 1.7050 1.3227 1.4142 132.8 57.88
0.01239 4293 1.7134 1.2953 1.3888 1347 60
0.01294 435.6 1.7323 1.2448 1.3412 138.7 65
0.01344 441.7 1.7503 1.2083 1.3056 142.3 70
0.01392 4477 1.7675 1.1811 1.2779 145.6 15
0.01437 453.6 1.7842 1.1604 1.2556 148.7 80
0.01480 4593 1.8004 1.1447 1.2373 151.5 85
0.01522 465.0 1.8162 1.1325 1.2220 154.2 90
0.01562 470.6 1.8316 1.1233 1.2090 156.8 a5
0.01602 476.2 1.8467 1.1163 1.1978 159.2 100
0.01640 481.8 1.8676 1.1112 1.1881 161.5 105
0.01677 487 4 1.8761 1.1077 1.1796 163.7 110
0.01714 4929 1.8905 1.1054 1.1721 165.9 115
0.01750 498 4 1.9046 1.1042 1.1653 167.9 120
0.01785 5039 1.9186 1.1038 1.1593 1689 125
0.01820 509.5 1.9323 1.1042 1.1539 171.8 130
0.01854 515.0 1.9460 1.1053 1.1489 1737 135
0.01887 5205 1.9584 1.1069 1.1444 175.5 140
0.01921 526.0 1.9728 1.1090 1.1403 171.3 145
0.01954 5316 1.9860 1.1115 1.1365 179.0 150
0.01986 £37.2 1.9990 1.1144 1.1330 180.7 155
0.02018 L4217 2.0120 1.1176 1.1298 182.4 160
0.02050 H48.3 2.0248 1.1211 1.1268 184.0 165
0.02082 554.0 2.0376 1.1248 1.1240 185.5 170
0.02113 5596 2.0502 1.1287 1.1214 187.1 175
0.02144 h6h.? 2.0627 1.1328 1.1190 188.6 180
0.02175 5709 2.0752 1.1370 1.1167 190.1 185
0.02206 576.6 2.0876 1.1414 1.1145 1916 190
0.02236 582.3 2.0998 1.1458 1.1125 193.1 195
0.02267 5ga.n 21121 1.1504 1.1106 1945 200
0.02297 5938 2.1242 1.1551 1.1088 1959 205
0.02327 599.6 2.1362 1.1598 1.1070 197.3 210

Figure A.5: R134a refrigerant properties: constant pressure table (superheated refrigerant table) at 1600 kPa (16 bar)






ADDITIONAL RESULTS

Additional results belonging to the thermodynamic cycle of the vapour cycle system are presented below
including pressure-enthalpy and temperature-entropy diagrams. Regarding the flight mission report profile
data a summary of mission related parameters is presented together with the mach variation with mission
timeline as well as the total propulsive power variation.

B.1. THERMODYNAMIC ANALYSIS OF SIMPLE VCS

For a simple VCS cycle equipped with a non isentropic compressor, the resulting p-h diagram is presented in
Figure B.1 and the T-s diagram is presented in Figure B.2.
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Figure B.1: Pressure-enthalpy diagram for a simple VCS with evaporation temperature of 0° Celsius and condensation temperature of
58° Celsius (with compressor isentropic efficiency 75%) hy = 464 kJ/kg
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Figure B.2: Temperature-entropy diagram for a simple VCS with evaporation temperature of 0° Celsius and condensation temperature

of 58° Celsius (with compressor isentropic efficiency 75%)
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B.2. FLIGHT MISSION PROFILE DATA

B.2. FLIGHT MISSION PROFILE DATA

The data belonging to the defined mission used to generate the flight mission report is summarised in Table
B.1. The aim is to apply the same mission to both the baseline model and technology demonstrator, facilitat-
ing an unbiased estimation of trip fuel impact for both architectures. The mach variation with mission time
is presented in Figure B.3 while the total propulsive power variation is presented in Figure B.4.

Table B.1: Mission profile parameters summary

Parameter Unit | Value
Takeoff weight kg 73500
Payload kg 12000
Npax+ Nerew - 180+6
Range nm 1000
Cruise altitude ft 35000
Cruise speed | Mach | 0.78
0.8
0.6 n
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Figure B.3: Mach number variation with time
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Figure B.4: Total propulsive power variation with time
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REFERENCE DATA REFRIGERANT

COMPRESSORS

Refrigerant compressors can be classified as either rotary, reciprocating or centrifugal. Rotary compressors
can be further classified as screw, scroll or vane. A summary of performance related parameters for a selec-
tion of parameters identified part of the literature study is presented in Table C.1, followed by a number of
miniature centrifugal compressors maps. The potential weight savings of miniature centrifugal compressors
can be appreciated by looking at the compressor data in the fifth column of Table C.1, showing a compressor
weight of 0.5 kg which is approximately fifty times lower than a comparable scroll compressor.

Table C.1: Reference data compressors (miniature and small scale)

Compressor
1 [78] (2009) | 2 [80] (2006) | 3 [81] (2002) | 4 [21] (2013) | 5 [22] (2012)
Application/ Air R134a,100g | R134a R600 Air
working fluid
Compressor type centrifugal rotary rotary centrifugal centrifugal
System configuration 2 stage - - 1 stage -
N (krpm) 500 2-3.5 - 250 250
rin (g/s) 1 0.8-1.7 - 2.5 114
PR (-) 2.25 1.9-3.2 3.1-3.6 1.5 1.5
Inlet volume
flow rate (m3/s) i ) i ) )
Isentropic
enthalpy rise (kJ/kg) i i i i i
Compressor maximum 350 103 .92 ) )
power consumption (W)
Compressor dgmgn i 25140 130 ) )
cooling capacity (W)

Diameter (mm) 35 85 64 21 21
Weight compressor (kg) 0.14 - 1.36 - 0.6
Weight cooling unit (kg) - - - - -

Efficiency (%) 74 - - 65, in air -

Condenser air

flow rate (g/s) i ) 10-15 ) )
COP - 3-5.5 2.2-5.8 - -
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Figure C.1: Compressor map for dual stage miniature centrifugal compressor with impeller diameter of 35mm, corresponding to
Compressor #1 from Table C.1, copied from Krahenbuhl et al. [21]
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Figure C.2: Compressor map for single stage miniature centrifugal compressor with impeller diameter of 21mm, corresponding to
Compressor #4 from Table C.1, copied from Casey et al. [21]
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Figure C.3: Compressor map for single stage miniature centrifugal compressor with impeller diameter of 21mm, corresponding to
Compressor #5 from Table C.1, copied from Zhao et al. [22]
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Figure C.4: Power map for single stage miniature centrifugal compressor with impeller diameter of 21mm, corresponding to
Compressor #5 from Table C.1, copied from Zhao et al. [22]
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Figure C.5: Centrifugal compressor assembly [21]

Figure C.6: Impeller with diameter of 21 mm
and length of 69 mm [21]

An example of a scroll compressor for vapour cycle systems is shown in Figure C.7 . Manufactured by Enviro
Systems, this compressor is rated at 20,500 BTU/h (6 kW) and weighs 29.5 Ibs (13.4 kg). The suction pressure
is 38 PSIG (262 kPa) and the discharge pressure is 220 PSIG (1516 kPa), resulting in a pressure ratio of 5.8.

CONTROLLER, MOTOR / VCS:

DRIVE MOTOR:
(PM-BLDC TYPE)

COMPRESSOR, SCROLL

MOUNTING BASE

UNIT DESIGN SPECIFICATIONS
RATED CAPACITY 20,500 BTUH
INVOLUTE SCROLL
‘COMPRESSOR TYPE COMPRESSOR
COMPRESSOR 60 CC/REV.
REFRIGERANT R134a

DISCHARGE PRESSURE

220 PSIG (NOM.) @ 105°F
OAT.

SUCTION PRESSURE 38 PSIG (NOM.) @ 105°F O.AT.

VOLTAGE 28 VDC

RATED CURRENT 125 AMPS((;:I;)M ) @ 105°F

CURRENT LIMIT 135 AMPS MAX
ALTITUDE (-Y1000 TO 51,000 FT

AMBIENT ENVIRONMENT (-)67°F TO 165°F
OPERATION CONTINUOUS

WEIGHT 29.5 LBS. MAX (VENTED)

Figure C.7: Scroll compressor assembly and specifications

lURL

http://www.enviro-ok.com/wp-content/uploads/Product’20PDFs/3%20Vapor?20Cycle’%20Components/
1133910-CAT. pdf [cited July 1, 2019]


http://www.enviro-ok.com/wp-content/uploads/Product%20PDFs/3%20Vapor%20Cycle%20Components/1133910-CAT.pdf
http://www.enviro-ok.com/wp-content/uploads/Product%20PDFs/3%20Vapor%20Cycle%20Components/1133910-CAT.pdf

D

REFERENCE DATA APPLICATIONS OF
VAPOUR CYCLE SYSTEMS IN AIRCRAFT

A summary of vapour cycle system applications for naval aircraft is presented in Table D.1. The applications
are aimed at either cabin or avionics temperature control, with different types of compressors used including

screw, centrifugal and piston compressors.

Table D.1: Vapour cycle systems applications, data adapted from Springer and Delson [24]

. Refrigerant | Cooling System/
L Refrigerant . . Compressor
Platform | Application tVpe quantity capacity Compressor D6
yp (kg) (W) manufacturer yP
1. VH-60N Cabin R500/R134a 2.7 15.2k Aero Aire Rotating vane
2. VH-3D Cabin R12/R134a 5.9 21.1k Fairchild Helical-rotary
(screw)
3. VH-3A Cabin R12/R134a 3.7 18.0k Aero Aire Rotating vane
4. E-2C Avionics R114/R134a 13.2 45.7k AlliedSignal Centrifugal
5. TH-57 Cabin R12/R134a 1.4 8.7k Keith Products Piston
6. ES-3A Avionics R12/R134a 9.5 21.1k Parker-Hannifin Rotating vane
7. EC-24A Avionics R12/R134a 13.2 103k Carrier Centrifugal
8.C-12 Cabin R12/R134a 43 9.37k Frigidaire or Piston
Harrison Radiator
9. T-34C Cabin R12/R134a 1.4 7.03k Abacus International Piston
10. T-44 Cabin R12/R134a 1.8 4.69k Borg-Warner Piston
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SYSARC KNOWLEDGE DESIGNER

Defining new EO Concepts in Sysarc Knowledge Designer is not a trivial task. In this appendix several diffi-
culties encountered while setting up the EO Concept ECSPackVCS are described. Other aspects covered are
the argument notation, heat transfer methods and multi dimensional tables definition.

E.1. POSITIONING EO CONCEPTS

By default after defining the ECSPackVCS EO Concept as a function of the IECSPackVCS Category, adding it
to the project file in Engineering Workbench will not automatically position it under the Pneumatic node,
although it was defined under the Pneumatic node in Sysarc. The additional step to position it under the
Pneumatic node is to open the EO Family Components_Pneumatic under the SysArcDataStructure and add
the IECSPackVCS category to the Addable Item Types in the Component List accessable through the prop-
erties view. By default only the category IPneumaticComponent is added, thus only EO Concepts inheriting
from this EO Category initally appear under the Pneumatic node. Figure E.1 presents the location of the
Pneumatic assembly accessable through the Knowledge Designer.

Structure View 7 3 || Properties View ]

= QH

@ & FailureMode » || = [Compenent List

- FlightCondition Addable rem Types Pace.SysArc.Components.Pneumatic IECSPackVCS;Pace. Syshre.Components. Pneumatic IPneumaticComponent;
- SysArcDataStructure IsDynamic False

F#-{5) References IsUserExtendable True

(- Multidimensional Data Tables =

1 3 ArcraftSystems IsModified False

3 Compartments IsReadOnly False

i Components_Data Uri C:AUsers\TU Delf SID\AppData\Local\Pace\Pacelab SysArc 7.0\DataModels\SysArc\KD\SysArcDataStructure\Comp

-3 Components_Electrical = Eeneral

(-3 Components_Hydraulic

: Description

(-3 Components_Mechanical

EQ Family 3D Assembly

(i 3 Components_Pneumatic

3 Components_Sources Implemented Interfaces

4 ¥ DistrbutionElements Name Components_Pneumatic

-3 DistributionElements_Data Mamespace Pace.SysArc.SysArcDataStructure
-3 DistributionElements_Electrical StorelnputStates Default

-3gF DistributionElements_Hydraulic = [Tags

-3 DistributionElements_Pneumatic Add new tag

[ £ FlightCondition

(i 3 Loads

(i 3 Loads_Electrical

[+ 3% Loads_Hydraulic
-3 Loads_Mechanical
(-3 Loads_Pneumatic
¢ MissionPerformance
-3 Pathways

B3 Switches

[z 3 Switches_Flectrical
[ Switches_Hydraulic
-3 Switches_Pneumatic
-3 SystemComponents

Figure E.1: Components_Pneumatic accessable through SysArcDataStructure

E.2. ARGUMENT NOTATION: METHOD VS FUNCTION

When defining a method in Sysarc the name of the arguments have to be different than those of the func-
tion in order to avoid confusion. Then the following question comes in mind: when calling the method in
a function, how should the order of arguments be in order for the formula to activate the method in the de-
sired way? When defining a method, the arguments and their type need to be added manually. Consider
the method CalcNTU shown in Figures E.2 and E.3. It can be seen that the order of the arguments defined
manually does not match the order in which they appear in the method. This does not affect in any way how
the method function. The trick is to define them in the same order when calling the method through the
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function of the HXNTUFormula, in the form of CalcNTU(HXOverallHeatTransferCoefficient, HXHeatTrans-
ferArea, HXPackHeatCapacityRate, HXCoolantHeatCapacityRate). The function will associate its arguments
to those of the method in the order shown in Table E.1.

Name: ‘Ca\c?\lTU
ReturnType: double
Description: ‘

2% CalcNTU(Heat Transfer Coefficient, Area, Thermal Conductance, Thermal Conductance) Statements:
7 Arguments

// Ini and prep

) hxOverallHeatTransferCoefficient double C_pack = hxPackHeatCapacityRate.ConvertToDouble("W/K");
() hxHeatTransferArea double C_cool = hxCoolantHeatCapacityRate.ConvertToDouble( W/K");
(+) hxPackHeatCapacityRate if (C_pack == @ || C_cool == 8)
(] hxCoolantHeatCapacityRate return 8;
// Calculation
Figure E.2: CalcNTU method arguments double U = hxOverallHeatTransferCoefficient.ConvertToDouble("W/m?/K");

double A = hxHeatTransferArea.ConvertToDouble("m2");
return U * A / Math.Min(C_pack, C_cool);

Figure E.3: CalcNTU method statements

Table E.1: Matching arguments between method and function

Method argument Function argument
hxOverallHeatTransferCoefficient | HXOverallHeatTransferCoefficient
hxHeatTransferArea HXHeatTransferArea
hxPackHeatCapacityRate HXPackHeatCapacityRate
hxCoolantHeatCapacityRate HXCoolantHeatCapacityRate

E.3. HEAT TRANSFER METHODS

Heat transfer between the refrigerant and the cooling air is quantified in Sysarc as the parameter HXHeat-
Transfered, defined by the formula HXHeatTransferedFormula which calls the method CalcHeatTransferred.
The variables appearing in parenthesis represent the arguments of the function and of the method respec-
tively. The methodology for computing the heat transfer in the condenser is summarised in Table E.2.

Table E.2: Method to compute HXHeatTransfered

Parameter HXHeatTransfered

Formula’s name HXHeatTransferedFormula

CalcHeatTransferred (HXPackHeatCapacityRate, HXCoolantHeatCapacityRate,
HXPackEntryTemperature, HXCoolantEntryTemperature, HXEffectiveness)

Formula’s function

Method

1| // Ini and prep
:| double C_pack = hxPackHeatCapacityRate.ConvertToDouble ("W/K") ;
3| double C_cool = hxCoolantHeatCapacityRate.ConvertToDouble ("W/K")

+| double T_pack = packTemperature.ConvertToDouble ("K") ;
s| double T_cool = coolantTemperature.ConvertToDouble ("K");

7| // Calc and check
s| double Q = Math.Min(C_pack, C_cool) % (T_pack — T_cool) =
effectiveness.ConvertToDouble ("");

w| // Return
u| return new Power(Q, "W");
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Table E.3: Method to compute HXPackHeatCapacityRate

Parameter HXPackHeatCapacityRate
Formula’s name HXPackHeatCapacityRateFormula
Formula’s function | CalcHeatCapacityRate(InPack.FlowRate, HXPackEntryTemperature)
Method
| /1 Ini
2| double mcp = 0;
3
iy
s| if (flowRate.Value > 0)
of |
7 double cp = Pace.Atmosphere. Air.
CalcMassicHeatCapacityAtConstantPressure (temperature
) . ConvertToDouble ("] /kg/K") ;
8 mcp = flowRate.ConvertToDouble("kg/s") * cp;
sl }
10
u| // Return
12| return new ThermalConductance (mcp, "W/K");
Table E.4: Method to compute HXCoolantHeatCapacityRate
Parameter HXCoolantHeatCapacityRate
Formula’s name HXCoolantHeatCapacityRateFormula
Formula’s function | CalcHeatCapacityRate(InCoolant.FlowRate, HXCoolantEntryTemperature)
Method

// Ini
double mcp = 0;

I
if (flowRate.Value > 0)
{
double cp = Pace.Atmosphere. Air.
CalcMassicHeatCapacityAtConstantPressure (temperature
) . ConvertToDouble (" J /kg/K");
mcp = flowRate.ConvertToDouble("kg/s") * cp;
}

/] Return
return new ThermalConductance (mcp, "W/K");

E.4. CALCULATIONS OF SPECIFIC ENTHALPY OF SATURATED FLUID (HF) AND

GAS (HG)

Table E.5: Formula used to compute specific enthalpy at evaporation dew point (h1s)

Parameter hls

Associated formula | hlsformula

Formula’s function CalcMassicEnthalpy(navigator.SelectEOParam<MDTValue>("/AircraftSystems/
@R134a_hg"),Liquid,T1s)
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Table E.6: Formula used to compute specific enthalpy at condensation dew point (h2s)

w

@

o

/] Ini and prep

MassicEnthalpy hg = new MassicEnthalpy (200, "kJ/kg");

/I Check
if (liquidProperties.IsDefinedAndHasRows () )
{
if (liquidProperties .MDI.InputValues[0].Cast<string >() .
Contains (liquid))
hg = liquidProperties .MDI. GetOutputByParams (
liquid, temperature) [0] as MassicEnthalpy;
else
this.GetEOInstancesProject() .
MessageAndErrorHandlingService .Add (" The ’
LiquidProperties '~Database does not contain
a liquid called '" + liquid + "’ at ’"+this.
GetEOInstancesProject () . EONavigationService.
GetID (this)+"’ !", ErrorLevel.Error);
}
//Return

return hg;

Parameter h2s
Associated formula | h2sformula
Formuld’s function CalcMassicEnthalpy(navigator.SelectEOParam<MDTValue>("/AircraftSystems/
@R134a_hg"),Liquid,T2s)
Table E.7: Formula used to compute specific enthalpy at condensation bubble point (h3s)
Parameter h3s
Associated formula | h3sformula
Formula's function CalcMassicEnthalpy(navigator.SelectEOParam<MDTValue>("/AircraftSystems/
@R134a_hf"),Liquid,T3s)
Table E.8: Method used to compute massic enthalpy of refrigerant
Method
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