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Highlights
Development of a cost effective aircraft environmental control system simulation framework.
Verification and validation of Boeing 737-800 passenger air conditioner at component level.

The quantification of ram air impact on the performance of the aircraft environmental control
system.

Abstract

The environmental control system of a civil aircraft is a major driver of maintenance. Legacy
systems, such as those on the Boeing 737, are particularly at risk, as they are not
instrumented for health management. These systems degrade in operation and allow
compensation within their operation for degrading components, until severe degradation or
failure results. The required maintenance is then both costly and disruptive. The goal of this

research is to produce a simulation environment that can model the aircraft environmental
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control system, in order that analysis for sensor placement and algorithms can be performed
without extensive, and expensive, testing. A simulation framework called Simscape
Environmental Control System Simulation under All Conditions has been proposed and
implemented. It offers a library of components that can be assembled into specific aircraft
environmental control system simulation configurations. It is capable of simulating the health
state indicating parameters at sub-system and component levels under a wide-range of
aircraft operating scenarios. The developed framework has been successfully implemented to
simulate a Boeing 737-800 passenger air conditioner. Its verification and validation has been
carried out against the actual data corresponding to a Boeing 737-800 passenger air
conditioner operating at two different cruise operating points. An extensive comparison of
the simulation is presented against the data for all the passenger air conditioner components.
The overall acquired results suggest that changes in the aircraft ambient conditions can have
a noticeable impact on the demanded passenger air conditioner outlet temperature, and a
substantial impact on the heat transfer in the primary and secondary heat exchangers. The
reported simulation capability serves as a first step towards formulating an environmental

control system fault simulation and diagnostic solution.

Highlights
e Development of a cost effective aircraft environmental control system simulation
framework.
o Verification and validation of Boeing 737-800 passenger air conditioner at
component level.
o The quantification of ram air impact on the performance of the aircraft environmental

control system.

Nomenclature
Acronyms
Alt Altitude (m)
ACS Air Cycle System
ACM Air Cycle Machine
ADS Air Distribution System
AIS Anti-Ice System




BAS Bleed Air System

B737 Boeing 737

CO Compressor Outlet

Co Water content

CHX Condenser

CHX O Condenser Outlet

CPCS Cabin Pressure Control System

ECS Environmental Control System

HX Heat Exchanger

HPWS High Pressure Water Separator

MO Merge Outlet

MMS Mixing Manifold System

Mach Mach number

PACK Passenger Air Conditioner

PO PACK OQutlet

PID Proportional Integral Derivative

PV PACK Valve

PVO PACK Valve Outlet

PVI PACK Valve Inlet

PVIP PACK Valve Inlet Pressure (kPa)

PVOP PACK Valve Outlet Pressure (kPa)

PHX Primary Heat Exchanger

PHXO Primary Heat Exchanger Outlet

RC Reference Case

RH Relative Humidity (%)

SESAC Simscape ECS Simulation under All

Conditions

SH Specific Humidity (kg/kg)

SHS Specific Humidity at Saturation (kg/kg)

SHX Secondary Heat Exchanger

SHXO Secondary Heat Exchanger Outlet

T1 Turbine Inlet

TCV Temperature Control Valve

V&V Validation & Verification

VCS Vapour Cycle System

WS Water Separator

WSO Water Separator Outlet

Subscript

P Pressure (kPa)

T Temperature (K)

Tomp Ambient Temperature (K)
T Hot side inlet temperature (K)
Th, Hot side outlet temperature (K)
Tei Cold side inlet temperature (K)
Teo Cold side outlet temperature (K)
Phi Hot side inlet Pressure (kPa)
Ppo Hot side outlet Pressure (kPa)

Puub Ambient Pressure (kPa)




Hydraulic diameter (m)

Dyn Hydraulic diameter hot side (m)
Dy Hydraulic diameter cold side (m)
fn Friction coefficient hot side
fe Friction coefficient cold side
Cq Discharge coefficient
Cp Specific heat of air and water vapour
mixtures-Pressure (J/Kg. K)
Cy Specific heat of air and water vapour
mixtures-Volume (J/Kg. K)
Cow Specific heat of water vapour
Cpa Specific heat of air
Cpiw Specific heat of liquid water
Ly Length hot side (m)
L Length cold side (m)
K¢ Geometric factor cold side
Ky Geometric factor hot side
PR, Compressor pressure ratio
PR, Turbine pressure ratio
N Compressor rpm
N¢ Turbine rpm
N ACM rpm
R, Specific gas constant of air (J/kg. K)
Ry, Specific gas constant of water vapour (J/kg.
K)
Twp Wet bulb temperature (K)
Tap Dry bulb temperature (K)
Tpas Bleed air temperature (K)
Ppas Bleed air pressure (kPa)
h Local heat transfer coefficient (W/m?)
Pys Partial pressure of water vapour at
saturation (Pa)
my, Mass of the water vapour present in the
moist air (kg)
mg Mass of the dry air (kg)
Pcap Cabin pressure (kPa)
Tcab Cabin temperature (K)
Mcgp Cabin mass flow (kg/s)
Greek Symbols
m Mass flow (kg/s)
m c Cold mass flow (kg/s)
my, Hot mass flow (kg/s)
Mei Cold side inlet mass flow (kg/s)
m o Cold side outlet mass flow (kg/s)
€ Effectiveness (%)
Emaps Effectiveness from the maps (%)
Ph Density hot side (kg/m?)




Vi Fluid velocity hot side (m/s)
14 Ratio of specific heats = Co/c v
e Compressor isentropic efficiency (%)
N¢ Turbine isentropic efficiency (%)
Nm Mechanical efficiency of the AMS (%)
AP Pressure drop (%)
AT Temperature drop (%)
W. Compressor power (W)
/4% Turbine power (W)

1. Introduction

The Environmental Control System (ECS) is responsible for two key functions: (i) provide
pressurised air to the anti-ice system and Passenger Air Conditioner (PACK), and: (ii)
regulate cabin temperature, pressure (T, P) and humidity [1]. It is required to deliver these
functions throughout the aircraft operational envelope. This envelope ranges from high
altitude flight conditions with very low pressure, temperature, and humidity, to taxing in a
tropical airport with high temperature and humidity.

The ECS on legacy aircraft such as the Boeing 737 is equipped with limited sensors
and therefore provides little technical data to support the implementation of a health
management strategy in order to efficiently diagnose and isolate critical faults. Furthermore,
the incorporated temperature and flow control valves have the capability to mask potential
faults, making the diagnostics process even more formidable. Therefore, the ECS has been
reported as one of the key unscheduled maintenance drivers by the operators [2].

The aviation industry is currently proactively exploring predictive maintenance
approaches that allow real-time monitoring of key systems, sub-systems and components [2-
5]. In the context of the ECS, this necessitates the requirement to equip the system with
appropriate condition monitoring capabilities. Correct placement of health monitoring sensors
is crucial for the proper operation of a health monitoring system. A first step in determining
correct sensor placement and diagnostic solutions involves accurate performance simulation
of the system being monitored. To do this, the performance characteristics of the ECS at sub-

system and component levels need to be well understood under a wide-range of aircraft



operating scenarios. The existing literature provides component level and system level
analyses of the ECS, however, it lacks a systematically verified and validated ECS simulation
tool and data at sub-system and component level in terms of pressure, temperature and mass
flow. In this study, an ECS simulation tool has been proposed and validated against
experimental data at sub-system and component level. The reported simulation capability

serves as a first step towards formulating an ECS fault simulation and diagnostics solution.

1.1 Description of the ECS
The overall ECS is composed of several sub-systems, illustrated in Fig. 1, which are:

e Bleed Air System (BAS)

e Anti-Ice System (AIS)

e PACK

e Mixing Manifold System (MMS)

e Air Distribution System (ADS)

e (Cabin Pressure Control System (CPCS)
As shown in Fig. 1 the BAS provides pressurised air to the AIS and the PACK from the main
engines. During ground operation bleed air is supplied by the on-board Auxiliary Power Unit
(APU) and is extracted from the main engine compressor when the aircraft is in flight. The
output of the PACK is the conditioned air, which is supplied to the cabin through the mixing
manifold and air distribution system.

Figure 2 illustrates the PACK as a key sub-system responsible for conditioning the
bleed air. There are normally two PACKSs in most narrow and wide-body civil aircraft, both
PACKSs are generally installed in parallel on either side of the airplane centreline, on the
underside of the fuselage. Each PACK is composed of components such as Heat Exchangers
(HXs), an Air Cycle Machine (ACM), a High Pressure Water Separator (HPWS) as well as
flow and temperature control valves. The functionality of these components enables the
PACK to condition the pressure, temperature and humidity content of the bleed air to match
the requirements imposed by the cabin zone controllers. Input to these controllers is given by
the flight crew from the Flight Deck (FD) based on crew feedback from each cabin zone.

Once the air has been conditioned in the PACK, it is supplied to the MMS, where it is
mixed with recirculated cabin air, the recirculated air helps to alleviate the overall load
requirement on the PACKs. The MMS supplies the conditioned air to the dedicated cabin
zones through the ADS, enabling the aircraft to maintain a safe and comfortable flight

environment. Finally, the role of the CPCS is to regulate the pressure throughout the cabin,



this is achieved through the adjustment of a set of pressure release valves, controlled directly

from the FD.

From Fig. 2 the PACK can be treated as an integrated system, taking bleed air as input and
generating conditioned air against the required T, P as an output, satisfying the demanded
environmental requirements of the cabin. In order to propose safe and efficient ECS
solutions, understanding the performance characteristics of the PACK throughout the aircraft
operational envelope is necessary. Aligning this with the operator’s interest to optimise

maintenance activities across the aircraft systems compels requirements to:

(1) Advance the level of scientific understanding towards how the PACK and its
component’s useful life degrades under a wide-range of operating scenarios.

(i1) The quantification of the level of impact the sub-system and component level
performance interdependencies have towards determining the optimum
functionality of the PACK.

(ii1))  Identification and quantification of the sub-system and component health state
indicating parameters needed in order to conceive new diagnostic and prognostic

solutions.

These requirements have led to research initiatives [6-13] dedicated towards the sub-
system and component level performance assessment of the PACK and its condition
monitoring throughout the aircraft operational envelope. The PACK has become an active
area of research, collaboratively addressed by academia and aircraft original equipment
manufacturers. It is strongly driven by the quest to propose innovative retrofit health

management solutions for legacy aircraft.

The development of a simulation framework targeting the detail design and performance
assessment of the PACK therefore serves as a prerequisite in order to support the
aforementioned requirements. The simulation framework must support the system, sub-
system and component level modelling of the PACK. The modelling fidelity must capture the
PACK performance characteristics as well as the impact of the sub-system and component
level performance interdependencies on the overall system. The tool must be computationally
efficient and provide a user friendly simulation environment, with the flexibility to model

multiple PACK configurations under healthy and faulty operating scenarios.

1.2 Aircraft air conditioning system



Most legacy and modern civil aircraft employ an air cycle type air conditioning system.
These make use of engine bleed air or APU pneumatic air as the source of air. The heart of
such a system is the refrigeration turbine unit, also known as the ACM. It is comprised of a
compressor that is driven by a turbine on a common shaft. The ACM unit is mounted in the
PACK along with heat exchangers, water separator and control valves. Figure 3 illustrates the

B 737-800 PACK architecture and shows the air flow through it.

The bleed air is supplied to the PACK at high temperature and pressure. Using the
ram air as a heat sink, the PACK removes heat from the air flow in the primary and
secondary HXs, reduces its pressure and temperature through the turbine incorporated in the
ACM, and extracts water using a HPWS in order to comply with the demanded cabin
environment requirements. There are several types of PACK configurations, however most
PACKSs installed in civil aircraft are very similar in terms of their design architecture. The
input bleed air is regulated by a butterfly type flow control valve, labelled as the PACK
Valve (PV) in Fig. 3. The total amount of air entering the PACK is first split into two
streams: one will remain hot while the other will be cooled down. Both are remixed further
downstream to achieve the demanded target outlet temperature, a process regulated using the
Temperature Control Valve (TCV). To create the cold stream, input bleed air passes through
a Primary Heat Exchanger (PHX) where it is cooled down. The flow is then compressed
using a centrifugal compressor, cooled again in the Secondary Heat Exchanger (SHX), and is
subsequently expanded using a turbine. This compression-expansion process improves the
effectiveness of the SHX, and is conveniently performed by a single unit in which the
compressor and the turbine are mounted on the same shaft. This component is called the
ACM and its operation is similar to an automotive turbocharger in that it uses the work
created by the turbine to drive the compressor. The expansion in the turbine often results in
output temperatures below the dew point. To prevent liquid water from reaching the cabin or
avionics, every PACK employs some type of water separation system. Low-pressure water
separation systems use a coalescer to trap water droplets and prevent them from flowing into
downstream systems. A HPWS is composed of a series of HXs to force condensation and
extract liquid water before air enters the turbine. The later approach is more effective and has
replaced low pressure systems in modern aircraft. Whilst some aircraft use more complex
designs to increase the efficiency and/or effectiveness of the process, they tend to use a

combination of the same components: HXs, ACM, WS, and valves.



1.3 Existing ECS simulation frameworks

The Functional Model Library of the Environmental Control System (FLECS) is a simulation
tool, which is composed of an ECS component library [14]. Each component is taken as an
individual module and is formulated based on thermodynamics and control system logic. C.
Muller et al. [15] employed FLECS to conduct a dynamic simulation of the ECS, focusing
primarily on the response characterises of the trim values within the air distribution ducts for
a range of cabin target temperatures. For Verification and Validation (V&V), temperature
readings based on the flight test of an A340-600 at the inlet of the supply duct, inlet of the
cabin, and at two different cabin zones were used. In terms of the PACK performance
characteristics, only mass flow at PACK outlet was simulated to support target temperature
adjustment. The acquired results for the temperature profile in the cabin demonstrated good
correlation with the flight test data. FLECS has not been employed to model the performance

characteristics of the PACK at sub-system and component level.

Flowmaster is a 1-D thermo-fluid systems simulation tool capable of simulating an
ECS [16]. Tu, Y. et al. [17] implemented a PACK model in Flowmaster. Their work was
focused on the modelling of the cabin temperature control system based on the deployment of
a Proportional Integral Derivative (PID) controller. Furthermore, they took into consideration
the effect of the specific humidity of the flow to model the HX and ACM. The simulation
results were validated against experimental data with maximum and minimum deviation of
4.3 °C and 0.2 °C, the model V&V did not include the pressure and mass flow readings
throughout the system. Lang X. et al. [18] deployed Flowmaster for fault detection in pipes,

simulations were focused on simulating the pipe leakage based on the pressure signal.

The Boeing Company developed EASYS5 software, targeting an integrated simulation

modelling capability that can be employed to create both nonlinear and linearized analyses of



the ECS system [19]. The library was developed based on a modular modelling concept.
Easy5 also supports the creation of additional components using Fortran. The user is required
to organise the components to be placed according to a reference ECS configuration. The
desired model and the interconnection between the components are formed by the built-in
model generation program, which supports generating a schematic diagram of the target

architecture.

EASYS5 was later used by Boeing for developing an aircraft PACK model for
performance analysis and for sub-systems level diagnostics. Following that, Hoffman et al.
[20] reported a study that deployed EASYS5 for the simulation of the F-14 fighter aircraft
ECS. In another study Gulfstream Aerospace used this software to develop a PACK model
for the G500 and G550 passenger jets [21]. The SAAB Group collaborated with Linkdping
Institute of Technology to model a PACK for their JAS39 Gripen fighter jet [22]. Fault
modes identified from historic data, focussing mostly on valve jamming, were used to
develop a model based diagnostic method. The overall research was however focused on

validation of an existing sensor set, and was predominantly based on ground static test data.

Romani R. et al. [23] programmed a Cabin Temperature Control (CTC) model using a
Mathworks developed simulation environment called Simulink. The validation of the model
has been conducted using the test data under different aircraft operating conditions: cabin
cooling in flight, cabin heating in flight. Their results correlated well with the data. Their
analysis lacks the modelling of the PACK flow control and temperature control valve
responses that have the potential to mask fault symptoms and therefore the ability to

manipulate the actual performance characteristics of the sub-systems and components.

Based on the review of the existing simulation frameworks, it is noted that the existing public

domain literature lacks:

1. A flexible, easy to use, ECS simulation tool, capable of modelling the sub-system and
component level performance characteristics of an ECS under a wide-range of aircraft
operating scenarios.

2. A systematically developed PACK model and the validation and verification of its

component level performance characteristics.

1.4 Scope of present work

In this paper a sub-system and component level ECS simulation tool called SESAC
(Simscape ECS Simulation under All Conditions) is reported. SESAC offers a library of

10



components that can be assembled to model the PACK. It is capable of simulating the health
state indicating parameters of the PACK throughout the aircraft operational envelope and
under a wide-range of operating scenarios. For successful demonstration of SESAC within
this study, the developed library has been used to model a Boeing 737-800 (B737-800)
PACK. For brevity, only the components necessary for this simulation are detailed in this
paper. For the V&V of the developed PACK simulation, two Reference Cases (RCs) have
been employed, representing actual data from a B737-800 PACK at two different cruise
operating points. An extensive comparison of the simulation is presented against the data for
all the PACK components. The component performance characteristics are discussed in detail
and their interdependencies are highlighted. The impact of ambient conditions on the PACK

boundary conditions and component level performance is also presented and discussed.

The remaining paper reports on the employed simulation methodology, verification
and validation methodology, and comparison of simulation results against the data. The
employed component equations, and PACK model development is discussed under the
simulation methodology section. The acquired overall model average errors against the data
and the component level performance V&V of the developed simulation are reported under

the results and discussion section.

2. Simulation Methodology

This section reports on the methodology employed for the modelling and simulation of the
PACK. First, the components necessary for the modelling of the PACK are presented in
terms of the equations for pressure, temperature and mass flow in section 2.1. Subsequently,
the treatment of humidity is outlined in section 2.2. Section 2.3 details the simulation
environment. In section 2.4 and 2.5 PACK model development and the respective boundary

conditions are addressed.

2.1 Formulation of the components
The components necessary to model a B737-400 ECS are:
- Valves

- HXs

11



- Compressor, Turbine, and Shaft, combined as an ACM
- Merge
- WS

For each component, equations for: 7, P, and m are needed, and are detailed below.

2.1.1 Valves
Valves are used on the ECS to accomplish flow control, pressure regulation, and temperature

control. There are many different valves in an ECS, here they are all simulated using equation
1 [24]:
. KC4ANP,
m= T (1)
The butterfly valve is the most common type of valve used in the aircraft ECS. The valve

cross section is circular and the geometric area of the valve is given by equation 2, where D is

the diameter and € is the opening angle:
n D?
A=—-(1—cos0) 2)

The modelling of a butterfly valve can be summarized as follows:

Temperatures T,=T,
Pressures Py —>Inputs
Mass flow rate my =1y
Specific humidity SH,=SH,
Liquid water content €0, =C0;,

2.1.2 Heat Exchanger
There are normally five types of heat exchangers in an ECS (pre-cooler, primary and
secondary heat exchangers, reheater, and condenser), with only the last four appearing in the
PACK, see Fig. 3.

Heat exchangers come in many forms, characterized by the circulation pattern of the
hot and cold air streams. In the B737-800 cross-flow heat exchangers, where hot and cold
flows are directed through channels orthogonal to each other, are used. The modelling of a

heat exchanger can be summarised as follows:

12



e Temperatures
E(mcp)min(Thi - Tci)

Tho=Th — GnCy),

T = [mh(Thi —Thro) + chci] /e 4

co

e Pressures (From Darcay-Weisbach [25])

Ly puvi®

Ppi— Pho=frp,, > (5

LC pCvCZ

P — PcozchHc 2 (6)

Mass flow rate T = T e = Mo
Specific humidity SHy; = SHp, SH.;=SH,,

Liquid water content  COp; = COp, COy = CO,

The effectiveness (¢) is expressed as a map, attached to each heat exchanger. The

effectiveness actually used in the map is expressed as follows:

g(mcp)min
Emaps = (hC,), )
So
Tho=Thi— gmaps(Thi - Tci) ®

In addition, pressure losses coefficients have been simplified by gathering geometric factors

in a unique parameter as shown below:

Ly Le
Kh:thth Kc:chHc (9)
So
1 (12
Pri— Pro=3:(1) (10)
1 1. 2
P— PCOZTPC(E) (11)

2.1.3 Air Cycle Machine

The ACM conditions the high-pressure bleed air extracted from the engine compressor or
Auxiliary Power Unit (APU) supplied to aircraft. The cold air is generated by the turbine
expansion and its heat energy is converted into shaft work which is used to drive the
compressor. In this work the ACM is assumed to be adiabatic i.e. no heat exchange between
the fluid and the outside. The compressor is driven by the turbine expansion force so that the

engine bleed air is compressed to a high pressure.

13



Compressor
The isentropic efficiency of a compressor is defined as the ratio of the actual work divided by

the 1ideal work as shown below.

_ hai — hy _Ta=Ti
Ne=%_n = T-T (12)

y—1 1
T2 P, 7y
Py

Poy =Ry (13)

The actual outlet temperature and the compressor power can be expressed as follows using

the above equations.

T, = T1{1 + %[(PRC)% - 1]] (14)

y—1

w,=cy(re—10 ="1() " =1 a9

Me

The modelling of the compressor can be summarized as follows:

1 r-1
Temperatures Ta= T1{1 + E[(P R) ¥ — 1]}
Pressures Py =Py PR,
Mass flow rate my =1,
Specific humidity SH1=SH:
Liquid water content C01=1CO0>

The pressure ratio (PR.) and the efficiency (1.) come from compressor maps against mass
flow and shaft speed.

Turbine

The isentropic efficiency of a turbine takes into consideration those differences between the
ideal and the actual process. It is defined as the ratio of the actual and ideal work delivered

between the same inlet and exit pressures.

hi—hy T1—T;
M= —hy =T —Tx (16)

r-1 r-1
T2 Py 7y 1 7y

=G =Gy a7

14



The actual outlet temperature and the turbine power can be expressed as follows using the

above equations.

y—1

T, = T1[1 - m[l - (ﬁ)” (18)

y—1

. P v
W, =mC,y(T1 —Ty) = r’nC,,Tmt[l -’ ] (19)

The modelling of the turbine cam be summarized as follows:

r-1
Py\ v
Temperatures To=T1{1—mnfl— P,
P
Pressures P="/p R,
Mass flow rate my = 1y
Specific humidity SH,=SH,
Liquid water content €0, =C0,

The pressure ratio and efficiency for a specific operating point are obtained by using maps in

a similar way to the compressor.

Shaft

The shaft is the common component between the turbine and the compressor in the ACM.
Thus, the rotational speed (N) of these components is the same. The air expansion in the
turbine generates the turbine power that it is used to compress the air in the compressor.
However, the maximum turbine power that can be transmitted is usually constrained by

several losses. The mechanical efficiency (7,,) measures the effectiveness with which the

ACM performs.
e ACM matching

We=nnW, (20)
o Rotational speed

N,=N.=N 21)

Note that some ACMs could have also a fan joined to the same shaft. In that case, the fan
contribution should be taken into account including fan power in the energy balance. In this

study ACM components have been coded as a compact component, i.e. compressor, turbine

15



and shaft together as one unique block. This block facilitates the matching procedure of the
ACM based on bleed air characteristics, compressor performance maps, turbine performance
maps and shaft equations in which compressor and turbine rotational speed and powers are
correlated.

2.1.4 Merge

The modelling of a merge can be summarized as follows:
e Temperatures

h1 + hz = h3 (22)
e Pressures

P1 = PZ = P3 (23)
e Mass flow rate

my + my =ms3 (24)

e Specific humidity

mSHq + mySH, = m3SH3 (25)
e Liquid water content

m1C0q + myC0, = 1m3C03 (26)

The subscripts refer to inlet 1(1) and inlet 2 (2) and exit (3) respectively.

2.1.5 Water Separators

In earlier versions of the B737 low pressure water separator (LPWS) were used but, for
efficiency and reliability, high pressure water separators (HPWS) became favoured. HPWS
are essentially heat exchangers in which the temperature of the hot air is reduced below the
dew point temperature, thus resulting in condensation of vapour. They are usually located
upstream of the expansion turbine. Because the air velocity in the exchanger core is relatively
low, the bulk of the condensate forms films or droplets on the heat exchanger surfaces. This
water is swept up by the air stream to the heat exchanger outlet where it is collected by the
water separator.

In the water separator, thermal effects are not considered due to the temperature
difference between the fluid and the ambient being relatively small; the water separator
housing is considered as adiabatic. The drop in the total pressure of the flowing gas is given
by:

1 m_2
AP =7 - (%) 27)

16



Where K is constant that relates geometry parameters and flow conditions through the water

separator, p is the air density and m is the mass flow rate. The liquid water content removed

in the water separator is calculated using the water removal efficiency as follows:
CO,=1n-C0, Eq. 28

Once the above variables have been calculated the humidity routine is applied to recalculate,

if necessary, the outlet temperature and the outlet specific humidity.

The modelling of a water separator can be summarized as follows:

Temperatures T1=T;

m 2
Pressures P,—Py = 2 G
Mass flow rate m=1q =my
Specific humidity SH, = SH,
Liquid water content CO,=n-C0,

2.2 Treatment of humidity

Psychrometrics is the term used to describe the field of engineering concerned with the
determination of physical and thermodynamic properties of gas-vapour. Knowing two
properties of the moist air, the psychometric chart provides the others. Figure 4 shows how

thermodynamic properties of moist air are represented on this chart.

As the humid air flows through the ECS its pressure and temperature fluctuate, which can
lead to changes in humidity. The simulation uses a humidity algorithm (logic tree shown in
Fig. 5) to calculate the magnitude of these changes. To this end, the humidity algorithm
considers four possible scenarios:

i.  No change in humidity
ii.  Condensation
ii1.  Evaporation
iv.  Evaporation until saturation

All of which are shown in the figure 5 logic tree.

Equations that are needed for the thermodynamic evaluation and the treatment of the

humidity, as shown in Fig. 5, starting with the partial pressure of water vapour:

Py = RWTdpr (29)

Which at saturation, becomes:
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Tab
17.2694 (7= 7353

Pys=610.78¢ (30)
This feeds into the specific humidity, which is the ratio between the mass of the water vapour

present in the moist air and the mass of the dry air.

my 0.62198 P,,
SH=m7a=7(P—PW) Eq31

From this the Specific Humidity at Saturation (SHS) is the mass of water per unit mass of dry
air when air is saturated. The maximum amount of water vapour in the air is reached when

P,=P,, and so:

0.62198 Py
= ¢
And relative humidity is:

SH
RH = 5zx 100 (33)

SHS

The specific enthalpy of moist air (h) contains the total energy of both the dry air and water

vapour per kilogram of air and the liquid water content per kilogram of air. It is expressed as:

CpaTab + SH(CpwTap + heg) + CO(CpiTan)
- (1+ SH 4+ CO) (34)

Gas constant is:

Ra+ SH Rw

1+SH (35

The specific heats of an air and water vapour mixture can be written in terms of the ratio of

specific heats of air and water vapour mixtures and of the specific humidity.

Cpa+ SH Cows
Cp=""17su (36)
R G
y=1+gz—p=c (37)

2.3 Implemented simulation environment and interface

Having presented the component equations, the next step is to elaborate on how the overall
simulation model is formed to represent a generic library of ECS components. The Matlab-
Simscape environment was chosen for this purpose. The choice of software was based on a

combination of factors that, amongst others, included: user friendliness, computational
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effectiveness, flexibility in enabling further development and refinements, integration with
other potential software platforms, and the ability to independently model each component
performance coupled with its degradation modelling. All these prerequisites were deemed to
be promising in making the decision to choose the Matlab Simscape environment.

Simscape offers the implementation of an object-oriented modelling approach,
enabling a drag-and-drop interface, where each component can be independently formulated.
This approach allows the flexibility to integrate the components together to represent the
overall system, allowing the acquisition of system performance parameters at each
component’s inlet and outlet. Furthermore, this particular approach allows the construction of
sub-libraries, e.g. a dedicated library can be assigned to represent faulty components, and the
component design characteristics maps can be independently managed to ensure overall
formulation is maintained universal and neat. Figure 6 illustrates the component sub-libraries
formulated and scheduled to represent the overall SESAC library. The unique feature of
constructing a generic library is to offer the user with the capability to construct any PACK

architecture.

2.4 Compilation of the reference PACK Model

Figure 7 presents the compiled PACK model based on the SESAC library. The overall model
mirror figure 3 and represents the PACK receiving input bleed air through the BAS at a
specific T, P and m, the quantity of which is controlled by the flow control valve, labelled as
PV. The incorporated HPWS is represented as a sub-system composed of reheater, condenser
and water extractor, allowing the extraction of water content prior to the expansion of the air

in the turbine.

Once the expansion process is completed the air is mixed with the hot bypassed
stream, controlled by the TCV. The merge component is incorporated to allow the mixing.
The output temperature signal of the merge is controlled through a proportional integral
derivative controller, which adjusts the TCV valve settings until the imposed target
temperature is achieved. This process ensures that for any given operating condition, ait at the

target temperature (cabin demand) is supplied to the mixing manifold system at the
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demanded temperature. The TCV also enables prevention of ice formation in cases when the

turbine outlet temperature drops below freezing.

The ram component is included to model the supply of cold air to the PHX and SHX.
It should be noted that the control logic employed on the real aircraft in terms of RAM and
TCV control is proprietary information. Therefore, the control logic used here is based on
best engineering judgement and feedback received from industrial partners. The model

control logic is same setup to match the primary PACK process parameters, i.e. allowing the

Alt [ft] Mach Tamb [K] Tamb [C] Pamb [kPa]
Case 1 28000 0.761 232 -41 33
Case 2 41000 0.779 217 -56 18

m is to vary in order to match the target T and P.

2.5 Model boundary conditions

In order to systematically capture the performance of the overall PACK, boundary conditions
must be appropriately defined throughout the model. These can be categorised in three ways:

(1) aircraft state condition, (ii) bleed air properties and (iii) target output conditions.

The first part allows the model to determine the ram m, which effectively serves as an input
to the incorporated PHX and SHX cold streams. The model determines the ram m based on
the aircraft altitude, Mach number and the ram door total area and its percentage opening, this
is done only if the aircraft state condition dictates that the aircraft is operating in flight. For
ground operation, the model requires the ram m and ambient temperature as an input to
establish the cold stream m for PHX and SHX. With regards to the second part, the model
requires the bleed air properties in terms of P, T, specific humidity, and water content.
Finally, the model requires the target conditions, i.e. T, P and m. Table 1 presents the

respective boundary conditions.

3. Results and Discussion

This section reports on the successful Verification and Validation (V&V) of the developed
SESAC simulation. It presents the results acquired through running the simulation on two
Boeing 737-800 PACK reference cases. The acquired results are corroborated against actual
aircraft data. Furthermore, the characteristics of the key performance parameters,

temperature, pressure and mass flow (T, P, and m), are discussed for all PACK components.

Table 2: The two selected Reference Cases
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3.1 Verification and Validation Methodology

To support the successful V&V of SESAC, two data sets, representing the performance
characteristics of a Boeing 737-800 aircraft ECS, operating under steady state cruise
conditions, have been employed. These two Reference Cases (RCs), shown in Table 2, are

taken at different altitudes and provide data on T, P, and m throughout the PACK.

It should be noted that some discrepancy between the simulation and the system data is
inevitable, which stems from : (i) the intrinsic wear and tear of the system, (ii) leakages
present in system, and (iii) lack of accurate resolution of the system component performance
map characteristics. The RCs include PACK losses not accounted for in the SESAC, e.g.
component leakages and the losses associated with the interconnecting duct sealing leakages.
Furthermore, the data may include some level of component fouling in the HXSs, or losses in
the mechanical efficiency of the ACM. Such losses are extremely difficult to account for in a
physics based (theoretical) simulation unless real engineering insight of the system is
available. Lack of such engineering knowledge of the system leads to inevitable
discrepancies when comparing the simulation predictions against the actual data. As a
consequence, and to support the discussion of the results, the SESAC simulation
discrepancies in this study are referred to as the difference rather than the error between the

SESAC prediction and the actual data.

The PACK model, shown in Figure 7, was run at the two conditions given in Table 2,
and compared with the actual data in two main ways. First, the difference in the overall
average values between the SESAC simulation and the validation data in terms of P, T and
throughout the PACK is presented and discussed. Then, the acquired simulation results in
terms of P, T and m are compared with the validation data at component level with physical

interpretation and analysis.

Three other points of simulation detail are worthy of note. First, the PACK V&V data
corresponding to both RCs begins at the PV outlet, whereas the simulation begins at the PV
inlet. As such, the PV inlet pressure (PVIP) was used to match the data’s PV outlet pressure
(PVOP) in the simulation. Second, in order to calibrate the temperature drop at the PHX and
SHX outlet, the ram air door area is used to calibrate the simulation temperature at PHX and
SHX outlet against the actual data in both cases. To summarise, each case is calibrated using

the PVIP and ram air door area to align the simulation with the data. Finally, the V&V data is
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collected at high altitude where the humidity is very low, therefore both cases were simulated

assuming dry air.

3.2 Overall average differences

The relative difference between the simulation and the data is calculated from equation 39 for
both RCs. This equation is applied to calculate the difference for P, T and m at each
component station between the simulation and the actual data throughout the PACK. The sum
of the difference for these variables is then used to calculate the average difference for each
parameter by using equation 40. Therefore, the average difference represents the overall
difference between the simulation and data for the entire case for each parameter throughout

the system.

Figure 8 shows the results for both RCs. From this the average difference between the
simulation and the data in terms of P and T throughout the PACK is within 2% for both RCs,
which is seen as good agreement. With regards to m, the average difference is within 4% for
both cases. The reasons for the simulation discrepancies with the actual data for all three
parameters varies in the detail, e.g. for a given case the simulation may under or over predict
the HX effectiveness, and in another case it may do the same for the air cycle machine. Also
the m difference is partly due to the data inlet and exit m not being equal, due to seal losses.

These, and other, points will be picked up in the next section.

(Model — actual data)
actual data

Model Rel. Dif f =

x 100 [%] (39)

Y.Model Rel. Dif f at each station
number of stations

Model AVG Rel. Dif f = X 100 [%] (40)

3.3 Reference Case 1 - Results and Discussion

Figure 9 presents the T, P, and m corresponding to Reference Case 1 (RC1) against the
simulation at component level throughout the PACK. Note that the stations labelled on the x-
axis in Fig. 3 follow the sequence that is consistent with flow progression through the PACK,

as annotated in Fig. 3.

It can be observed from Fig. 9 that the simulation exhibits good correlation with the
data throughout the PACK. The P and T profiles capture the data trends across the PACK
with an average difference of less than 2%. Note that, as elaborated earlier, the simulation is

run using PVIP and ram door area as variables for calibration against the data.
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It can also be seen from Fig. 9(b) that the difference between the simulated pressures
and the data at PV Outlet (PVO) is around 2%, the corresponding PVOP of the simulation
being adjusted to maintain the minimum difference through the remaining components of the
PACK. If PVOP was further increased, it would result in shifting the pressure trend upwards
and the entire pressure profile will move further away from the actual data. Therefore, for the
approach adopted, in order to maintain a consistent match for the simulated pressure against
the actual data throughout the PACK, some discrepancy in the PVOP has been accepted. It
should be noted that only the PVIP was used to calibrate the PVOP, and through the
remaining components of the PACK the pressure loss coefficients for the HXs (PHX, SHX,
RHX, CHX) as well as the mechanical efficiency of the ACM, were maintained fixed

throughout the simulation for both cases.

The calculated temperature profile shown in Fig. 9(a) is well matched with data
throughout the PACK. In this case the PV outlet temperature from the data was imposed as
the bleed air temperature at PV inlet and, as there is no temperature drop across the PV, this
leads to a perfect outlet temperature match with the data. In terms of the calibration of the
temperature for the remaining components, only the PHX outlet temperature was calibrated
by iteratively adjusting the ram door percentage opening. On the real aircraft there is
dedicated control logic which automatically adjusts the ram door flap settings in order to
regulate the PHX and SHX performance, by controlling the amount of cold m supplied to the
PHX and SHX. For the simulation, all of the HX effectiveness maps are incorporated within
the model. These maps capture the effectiveness of the HXs as a function of the hot and cold
mass flow supplied to the hot and cold streams of the HXs. From the simulation point of
view, as mentioned earlier, the hot stream m for the PHX and SHX is determined based on
matching the pressure conditions at the PVO. Therefore, the outlet temperatures of the PHX
and SHX are calibrated based on the cold stream mass flow. This is done by adjusting the

ram door inlet area.

Figure 9(a) shows that the temperature drop across the PHX and SHX matches the
data very well. It implies that the simulation is able to match the point at which the PHX is
operating on its performance map. Figure 10(a) shows a comparison of temperature drop
across the PHX and SHX, calculated based on their respective inlet temperatures. For both
PHX and SHX the simulation consistently matches the temperature drop with marginal
discrepancy. Some of the discrepancy may be due to the actual data including losses

associated with any fouling/blockage of the HXs or flow leakages.
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Also, in Fig. 10(a) the comparison of the pressure drop across both the PHX and SHX
is shown; the percentage values are calculated based on the inlet pressures to the PHX and the
SHX respectively. The simulation shows good agreement with the data in terms of capturing
the pressure drop of both the PHX and SHX, implying that the implemented HX pressure loss
coefficients are accurate. It is interesting to note from Fig. 10(c) that the effectiveness of the
PHX and SHX is between 86-87%, but that the effectiveness of the RHX and the CHX is

significantly lower, around 56-60%.

The reason for this is that both the RHX and CHX are components of the HPWS,
which is a sub-system of the PACK. The primary function of the HPWS is to remove water
from the flow. To do this in a highly pressurised system like the PACK, the HPWS operates
in the following way. After the SHX, the flow enters the RHX which fulfils multiple
functions: (i) to cool the air flow prior to condensation, and (ii) to reheat it prior to the
expansion in the turbine. As such, the cold stream of the reheater is represented by the flow
received from the outlet of the water extractor, which needs to be heated before it is supplied
to the turbine, and the hot stream is represented by the flow received from the outlet of the
SHX, which needs to be cooled before it is supplied to the condensers. The temperature
difference between both of these stream is very small, which leads to very limited exchange
of heat between the both streams, hence resulting in low effectiveness relative to the PHX
and the SHX which exploit very cold ram air for cooling. In a similar fashion to RHX, the
CHX further cools the flow supplied by the reheater in a hot stream and heats the flow after
the merger in the cold stream, just before it is supplied to the Mixing Manifold System
(MMS).

With regards to the simulation comparison for the compressor, inlet conditions for the
compressor are based on the PHX outlet conditions. From Fig. 9 note that for the simulation,
the inlet temperature for the compressor is slightly higher and the inlet pressure is marginally
lower relative to the data. Figure 10(b) shows the comparison of the temperature and pressure
rise between the simulation and the data across the compressor. For both parameters the
simulation over predicts the data. One possible reason for this over prediction is that in the
ACM the compressor and turbine are mounted on the same shaft, and the balance between the
compressor and the turbine work is based on their mechanical efficiency. It could be that the
ACM mechanical efficiency used in the simulation is not consistent with the actual data. This

would be a very difficult parameter to measure.
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Moving on to the RHX, CHX and WS. As elaborated earlier, all three components are
interconnected and assembled as one module (HPWS), and can therefore be represented as a
sub-system of the PACK, its functionality enabling water content to be removed at high
pressure. Since the validation data does not include the humidity, validation for water
content/humidity of the simulation has not been implemented under the scope of this study,
and will not be discussed further. Once the water content from the flow is removed the flow

is supplied to the turbine through the RHX.

The key purpose of the turbine in this system is to drop the temperature of the flow,
and generate the shaft power required to support the compression. The turbine therefore
expands the flow primarily to enable the PACK to condition the flow to match the
temperature requirement, in this process the pressure of the flow drops too. In some cases the
turbine outlet temperature can drop below freezing. A merge component is mounted
immediately downstream of the turbine which allows the mixing of the turbine outlet flow
with the bypassed bleed air. The bleed air supply to the merge is controlled by the
temperature control valve. The merge component therefore allows the adjustment of the

turbine outlet temperature to match the target PACK outlet temperature.

With regards to the acquired m results, it can be noticed from Fig. 9(c) that the
simulation exhibits good correlation with the data in terms of capturing the key
characteristics of the system. The total m at the PVO is split into two steams: (i) bypass bleed
air which is controlled by the TCV as a hot stream, (ii) a cold stream that runs through the
core of the PACK (Fig. 3). The sudden drop in the m after the PV is because the PACK flow
is being plotted and hence the flow drops from 0.43 to 0.31; in this case the hot stream
represents around 27% of the total mass flow at PVO. This hot stream re-joins the cold
stream at the merge in order to combine with the turbine outlet temperature to meet demand.
This remerging process of the flow is shown by the rise in m to reach its original value, since
the simulation does not account for any leakages. However, this is not the case for the data, as
can be seen from Fig. 9(c) where the mass flow at the PACK Outlet (PO) is slightly lower
relative to the PVO value, by approximately 3%. This implies that the data contains the effect
of leakages in the components or in the seals, used to connect the various components
throughout the PACK. The fact that the simulated m profile is lower than the data is due to

the dependence of the PVO m on the PVOP, as previously discussed.
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To illustrate the dependency of the profiles on the value of PVOP, the data value of
outlet m has been matched by the simulation, and the results are presented in Fig 11. In these
graphs the previous case has retained its designation (SESAC), along with the actual data, the
new results (target m) have been superimposed. As expected, the pressure profile for the
target m match simulation moves further away from the actual data than the PVOP match
previously discussed. The temperature profile is almost completely unaffected. Summarising,
there are two possible solutions that the model can generate in terms of matching the data: (i)
run the model to match the PVOP providing a good correlation for the pressure profile across
the system, (see Fig. 9), (ii) run the model to achieve the target m match (see Fig. 11). In the
former case the compromise is in average mh difference, and in the latter case a compromise
in the pressure difference must be accepted. This is summarised in Fig.12, when the
simulation is run to match the PVOP conditions, the average relative difference between the
simulation and the data for pressure is less than 1.5%. However, the m difference is
significantly higher, around 4%. In the case when the simulation is run to match the target m,
the average m difference drops from 3.94% down to 1.34%, with a compromise of doubling
the average pressure difference relative to the data. The simulation can accommodate either

assumption.

3.4 Reference Case 2 — Results and Discussion

The results of running the simulation on Reference Case 2 (RC2) are presented in Fig. 13. As
for RC1, the predictions for T, P, and m are in good agreement with the data throughout the
PACK. For both RCs the simulation consistently captures the characteristics of each
component, demonstrating that the PACK performance can be simulated for any given
aircraft operating point. The difference between the data and the simulation for RC2 is less
than 1.3% for T and P throughout the PACK, and less than 3.7% for m. The fundamental
potential reasons leading to the simulation discrepancies remain the same as highlighted and
discussed for RC1 in Section 3.3.

Before going into detail on the comparison between the two cases, a note on the effect
of the change in ambient is appropriate. Table 2 summarised the two cases, with RC2 being at
a higher altitude. The Mach number is essentially the same for both cases, but the change in

ambient pressure and temperature is significant. At altitudes equal to and above 8000ft, the
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aircraft is required to maintain cabin pressure equal to 80001t altitude (78-80kPa). With a
falling outside pressure, bleed air is extracted from the engine compressor at different stages
to maintain a constant inlet pressure to the PACK. As pressure and temperature rise together
through the compressor the PACK inlet temperature will also be very close for both cases.
However, for RC2, at the higher altitude, with a lower outside temperature, considering a heat
balance over the aircraft, the cabin temperature demand will rise. The data confirms this as,
(Fig. 13), with an increase in cruising altitude, the demanded outlet temperature from the

PACK changes from 291K — 298K (18°C - 25°C).

When comparing the temperature profile of both cases, it is apparent from Fig. 13(a)
that the temperature drop through the primary and secondary heat exchangers is significantly
different between both cases. This is due to the local ambient temperature and pressure
difference affecting the density and hence the mass flow through the ram intake. The local air

properties are presented in Table 3.

Due to the drop in the ram m, the PHX cold mass flow changes by nearly 50%
between the two cases. With less mass flow through the RC2 intake, the heat exchanged with
the hot engine bleed has been reduced and the air emerging from the PHX is hotter. Only
after compression and subsequent cooling through the SHX does the temperature drop to the
required level. Both heat exchangers are acting more in unison at the higher altitude. Figure
14(a) confirms these temperatures changes and Fig. 14(b) shows the comparison of the PHX
effectiveness between both cases. A clear drop in the PHX effectiveness is apparent for RC2,
and can be attributed to the differences in the amount of cold and hot mass flow passing
through the PHX in each case. Further, the m of the PHX hot stream is represented by the
results shown in Fig. 11(c) for RC1 and Fig. 13(c) for RC2. The station PHX Outlet (PHXO)
represents the h of the PHX hot stream. Relative to RC1, RC2 has approximately 5% less m

flow running through its PHX hot stream, due to the higher cabin demand temperature.

Comparing PHX, compressor and SHX performance, different conclusions can be
reached for RC1 and RC2. For RC1 both the PHX and compressor performance exactly lines
up to the data, while for RC2 it is the SHM performance that looks different. Therefore, with
only the data shown here it would be impudent to alter any of the component modelling. The

simulations provide valuable insights and point to physical phenomena that are plausible;
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clearly more data and simulation experience is needed to claim a mature simulator. The
development of a ground test facility targeting full scale condition monitoring of an aircraft
ECS is currently underway at Cranfield University [7]. Its successful completion will enable
comprehensive data collection and will therefore facilitate a robust verification and validation

of the simulation.

Conclusions

In this paper a computationally efficient, cost effective and robust simulation framework
called SESAC- Simscape Environmental Control System Simulation under All Conditions
has been proposed and implemented. The innovative contributions of this research paper are:
e Formulation and development of a simulation framework for the performance
evaluation of an aircraft environmental control system operating under a wide range
of functional scenarios.
e Simulation of a Boeing 737-800 aircraft passenger air conditioner and its verification
and validation against actual data at sub-system and component level.
¢ Quantification of the performance characteristics and the component level
interdependencies of the PACK at various aircraft cruise operating points.
e The quantification of the impact of ram air sensitivity on the PACK overall

performance.

An extensive comparison of the simulation is presented against the data in terms of
temperature, pressure and mass flow throughout the aircraft passenger air conditioner. The
verification and validation has been carried out against the actual data corresponding to a

Boeing 737-800 aircraft operating at two different cruise operating points.

The overall results suggest that the change in the aircraft ambient conditions can have
noticeable impact on the demanded passenger air conditioner outlet temperature, and a
substantial impact on the heat transfer capability of the primary and secondary heat

exchangers.
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Finally it has been emphasized that a relatively small change in the boundary conditions can

cause a large impact on the performance of the passenger air conditioner components. The

simulation sufficiently capture the component characteristics and interdependencies that

proof significant value towards advancing the level of scientific understanding of the

environmental control system.
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Fig. 1. Major sub-systems of a typical civil aircraft ECS [1].

Fig. 2. Aircraft ECS key sub-systems block diagram.

Fig. 3. Component level schematic of the B737-800 PACK with labelling of the air flow
sequence.

Fig. 4. Properties of moist air on a psychrometric chart (SH= specific humidity [kg/kg], RH= relative
humidity [%], Tdb =Dry bulb temperature [K], h= enthalpy.

Fig. 5. Humidity treatment

Fig. 6. The developed SESAC component library.
Fig. 7. SESAC PACK model corresponding to the reference B737-800 aircraft configuration.
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Fig. 8. The average difference between the simulation and the data for both RCs.

Fig. 9. Reference Case 1: temperature, pressure and mass flow distributions throughout the
PACK.

Fig. 10. Comparison of the SESAC simulation and the data: (a) and (b) the AT and AP across
the PHX, SHX and compressor, the labels also show actual values in standard units at outlet

of each station, (c) simulation prediction for the component effectiveness/efficiencies.

Fig. 11. Reference Case 1: comparing results between matching PVOP and matching mass

flow as alternative boundary conditions.

Fig. 12. Reference Case 2 results: comparison of differences for SESAC simulations based on

matching PVOP or matching target mass flow as alternative boundary conditions.

Fig. 13. Reference Case 2: temperature, pressure and mass flow comparisons throughout the

PACK.

Fig. 14. Comparison of various performance parameters between RC1 and RC2; (a) AT
across PHX, SHX, compressor and turbine, the labels also show actual values in standard

units at outlet of each station, (b) effectiveness and efficiency of PHX, SHX and ACM.
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Table 1. Required input boundary conditions to simulate the PACK performance in the
developed simulation model.

Component

Parameters

Description

Units

Aircraft State
condition

Selector (S)

Determines if the
aircraft is in flight or
operating at ground
static conditions. 1=
inflight, 0 = ground
static.

[-]

Ram (0: Ground
Static)

Ram m is required if
aircraft operating at
ground static.

[-]

Tamb

Ambient
temperature

[K]

Ram (1: In flight)

Alt

Aircraft Altitude

[m]

Mach

Aircraft Mach
number

Area

Ram door total area

[mA2]

%0pen

Ram door opening
in %

[%]

Bleed Air properties

Tpas

Inlet temperature
to PV

[K]

Ppas

Inlet pressure to PV

[Pa]

SHpys

Inlet specific
humidity at PV

[kg/k]

COpys

Inlet liquid water
content at PV

[kg/k]

Target Conditions

Pcab

Cabin pressure —
PACKoutIet

[Pa]

Tcab

Cabin pressure —
PACKoutIet

[K]

r‘hcab

Cabin pressure —
PACKoutIetm

[ke/s]

Parameter(s) used as

handle

PVIP

Ppas

Inlet pressure to PV

[Pa]

Ram

%0pen

Ram door opening
in %

[%]
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Table 3. Reference case 1 and 2 local air properties and Ram inlet mass flow.

Tamb [K] P amb[kpa] Pamb [kg/ 1’113] Ram m [kg/ 1’1’13]
RC1 232.65 32.94 0.49 0.40
RC2 216.65 17.79 0.29 0.21
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