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Abstract
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]
Purpose – This thesis tries to improve the situation of pilots in a Cabin Air Contamination Event (CACE) by increasing awareness through added information. Pilot activities in a CACE center around getting information about the level of contamination, applying checklists, and troubleshooting procedures, and if necessary, descending to 10000 ft. 
Methodology – Starting from the results of previous work at HAW Hamburg information available on the Internet was reviewed. Information from manuals available to pilots was added from own sources or also discovered on the Internet.
Findings – Sensors are necessary to help pilots to identify a CACE. Handheld sensors can be used without any delay today. Fixed sensors placed at various positions in the air conditioning system yield earlier warning and allow better trouble shooting. Suitable markers like formaldehyde have been identified. Suitable sensors are available. An electrical nose can recognize a pattern of substances and can distinguish e.g. engine oil from hydraulic fluid contamination. Although checklists dedicated to CACEs could guide pilots much better, if circumstances and the known smell already indicate a bleed air related problem, few airlines seem to use dedicated CACE related checklists. If a fire on board can be ruled out, descending to 10000 ft for direct cabin ventilation and cruise to the next alternate can prevent damage to passenger and crew health from otherwise continued flight at altitude with contaminated cabin air.
Research limitations – The investigation is based on a limited number of emergency checklists. Information is limited about sensors of marker substances for cabin air contamination.
Practical implications – Knowledge about CACEs can help pilots to make a better suited informed decision rather than following a smoke checklist blindly. Pilots are given hints what type of sensors to buy. A suitable sensor adds further to making an informed decision in a CACE.
Originality – This seems to be the first scientific discussion of pilot measures in a CACE.
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Kurzreferat

Zweck – Diese Arbeit versucht, die Situation von Piloten bei einem Cabin Air Contamination Event (CACE) zu verbessern, indem das Verständnis für entsprechende Vorfälle durch zusätzliche Informationen erhöht wird. Bei den zu ergreifenden Maßnahmen der Piloten geht es darum, Informationen über den Verschmutzungsgrad zu erhalten, Checklisten anzuwenden und Verfahren zur Fehlerbehebung durchzuführen und gegebenenfalls auf 10000 Fuß abzusteigen.
Methodik – Ausgehend von den Ergebnissen früherer Arbeiten der HAW Hamburg wurden im Internet verfügbare Informationen recherchiert. Informationen aus Handbüchern, die Piloten zur Verfügung stehen, wurden aus eigenen Quellen hinzugefügt oder auch im Internet entdeckt.
Ergebnisse – Sensoren sind erforderlich, um Piloten bei der Identifizierung eines CACE zu helfen. Tragbare Sensoren können heute ohne Verzögerung eingesetzt werden. Feste Sensoren an verschiedenen Positionen in der Klimaanlage verbaut, geben eine frühere Warnung aus und ermöglichen eine bessere Fehlersuche. Geeignete Marker wie Formaldehyd wurden identifiziert. Geeignete Sensoren sind erhältlich. Eine elektrische Nase kann ein Geruchsmuster erkennen und kann z.B. Motoröl von einer Verschmutzung durch Hydraulikflüssigkeit unterscheiden. Obwohl Checklisten für CACEs die Piloten viel besser führen könnten, wenn die Umstände und der bekannte Geruch bereits auf ein Problem mit der Zapfluft hinweisen, scheinen nur wenige Fluggesellschaften spezielle Checklisten für CACE zu verwenden. Wenn ein Feuer an Bord ausgeschlossen werden kann, kann ein Abstieg auf 10000 Fuß in Erwägung gezogen werden. In dieser Flughöhe kann die Kabine direkt von außen belüftet werden und so der Flug zum nächsten Ausweichflughafen ohne weitere Kabinenluftkontamination erfolgen. Es kann so verhindert werden, dass die Gesundheit von Passagieren und Besatzungsmitgliedern beeinträchtigt wird.
Grenzen der Anwendbarkeit – Die Untersuchung basiert auf einer begrenzten Anzahl von Notfall-Checklisten. Informationen über Sensoren für Marker Substanzen zur Bestimmung der Luftverschmutzung in Flugzeugkabinen sind nur begrenzt vorhanden.
Bedeutung in der Praxis – Das Wissen über CACEs kann Piloten dabei helfen, angemessene und fundiertere Entscheidungen zu treffen, anstatt den Checklisten über Rauch im Flugzeug blind zu folgen. Piloten erhalten Hinweise, welche Art von Sensoren sie kaufen sollten. Ein geeigneter Sensor trägt zusätzlich dazu bei, eine fundierte Entscheidung im Fall eines CACEs zu treffen.
Originalität – Dies scheint die erste wissenschaftliche Diskussion zu sein über Maßnahmen, die Piloten im Fall eines CACE treffen können.
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Cabin Air Contamination Event (CACE)
In a Cabin Air Contamination Event (CACE) the air in the cabin and/or cockpit of an
aircraft is contaminated. Sensation of the contamination can be from vison (fume/smoke),
olfaction (smell/odor), a combination of typical symptoms experienced by several
passengers and/or or crew or by related measurements of CO, CO2, ozone or other
"harmful or hazardous concentrations of gases or vapors" (CS-25.831). (Scholz 2019a)

Critical Point (CP) / Equal Time Point (ETP)
The Critical Point (CP), or Equal Time Point (ETP), is when an aircraft is the same flying time from 2 potential en-route diversions. Calculation of appropriate CPs aids decision making when deciding courses of action following a significant event such as an engine failure or on-board medical emergency. (SKYbrary 2017)

Fume Event
In a fume event, the cabin and/or cockpit of an aircraft is filled with fume. Air contamination is due to fluids such as engine oil, hydraulic fluid or anto-icing fluid. A fume event includes a smell event. (Scholz 2019b)

Minimum En Route Altitude (MEA)
The MEA is the lowest published altitude between radio fixes that assures acceptable navigational signal coverage and meets obstacle clearance requirements between those fixes. The MEA prescribed for a Federal Airway or segment, RNAV low or high route, or other direct route applies to the entire width of the airway, segment, or route between the radio fixes defining the airway, segment, or route. (FAA 2017)

Smell Event
A fume event without visible fume or smoke, but with a distinct smell usually described as ‘dirty socks’ from the butyric acid originating from a decomposition of the esters that are the base stock of the synthetic jet engine oil. (Scholz 2019b)


[bookmark: _Toc47365713]1	Introduction

[bookmark: _Toc47365714]1.1	Motivation

Due to the bleed air-based design of most aircraft air conditioning systems (see SKYbrary 2019a) and inappropriate timespans between seal replacements in the engines (see Scholz 2019a), critical cabin air contamination events keep occurring (e.g. B737 en-route, Glen Innes NSW Australia, 2007; A320, en-route, northeast of Granada Spain, 2017; B752, en-route, North Sea, 2006; E195, Exeter UK, 2019; A332, Karachi Pakistan, 2014; see SKYbrary 2019a). Though the technical reasons as well as the detrimental health effects are known (see Day 2015), some important measures are still unobserved. This thesis addresses the problem of a yet unobtained sensory determination of a CACE (see Jones 2019 and Mlcak 2019) and the inadequate guidelines for dealing with such an incident. Although there are several more reasons for cabin air contamination events, like deicing fluids and hydraulics (see Jones 2019 and Mlcak 2019), this thesis focuses on the cabin air contamination due to bleed air pollution. However, the results of this elaboration can also be applied to other reasons for cabin air contamination



1.2	Title Terminology

Pilot – An aircraft pilot or aviator is a person who controls the flight of an aircraft by operating its directional flight controls. (Wikipedia 2021a)

Measures – A way of achieving something, or a method for dealing with a situation
(Cambridge Dictionary 2021)

Aircraft Cabin Air – Aircraft cabin air is the air in the cabin of an aircraft. The air in the cockpit is included in this definition. In pressurized cabins it is the air inside the pressure seals. Pressure control is such that cabin pressure is reduced down to a pressure equivalent to 8000ft (referring to the ICAO Standard Atmosphere) as the aircraft climbs. In unpressurized aircraft cabins the air is at ambient pressure. Temperature control is done by heating or cooling as required. Venting ensures frequent exchange of cabin air with fresh air from outside. In addition, cabin air can be recirculated and filtered. When flying at high altitudes, cabin air is at similar low relative humidity as the air outside. (Scholz 2019a)

Contamination – The process of making a material unclean or unsuited for its intended purpose, usually by the addition or attachment of undesirable foreign substances.
(Scholz 2019a)

[bookmark: _Toc47365715]1.3	Objectives

The task sheet gives four research questions. Based on these questions, this thesis follows four main objectives: 1.) To give an overview of the possibilities to base the initially subjective impression of a CACE on objective findings using sensors. 2.) To show to what extend there are checklists on various passenger aircraft addressing a CACE. To show if other existing checklist could be applied, like the emergency checklist for “smoke in cabin”. 3.) To provide a suitable checklist to determine a systematic switching of bleed air sources in case of a CACE. 4.) To evaluate when a descent to 10000 ft is possible and beneficial.



1.4	Literature

This thesis is mainly based on the research done by Prof. Dr. Ing. Dieter Scholz[footnoteRef:1], as well as the content and conclusions given by Prof. Byron Jones (2019) and Rick Mlcak (2019) at the Aircraft Cabin Air Conference in London[footnoteRef:2], September 17th in 2019. Furthermore, the bachelor thesis written by Viola Voth (2018) and the project results elaborated by Marcel Lakies (2019a) are taken into account. In order to provide a well-founded evaluation of the Emergency (EMC) checklists, additional aircraft-specific documents from the smartcockpit.com website are being used and evaluated. [1:  http://CabinAir.ProfScholz.de]  [2:  https://AircraftCabinAir.com] 
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1.5	Structure

Chapter 2	Introduction into the topic of cabin air contamination to provide a basic understanding of the necessity for adequate measures to detect and react on CACEs.

Chapter 3	Analysis of technical solutions to base the impression of a cabin air contamination event on objective findings.

Chapter 4	View on the currently suitable checklists for a CACE on various passenger aircraft and consideration of applying other checklists like “Smoke in cabin”.

Chapter 5	Overview to when extend descending to 10000 feet is allowed and deem necessary.

Chapter 6	Elaboration of a schedule for determining the reason for a CACE based on systematic switching of the bleed air sources, considering the findings in Chapter 3 and 4 and elaboration of suitable emergency checklists for pilots in case of CACEs.

Chapter 7	Discussion of the thesis’ results.

Chapter 8	Summary of the thesis’ results.

Chapter 9	Recommendations for further investigations
[bookmark: _Toc47365718]




2	State of the Art

[bookmark: _Toc47365719]2.1	Underlying Technical Problem

[bookmark: _Toc47365720]2.1.1	Operating Principle of the Pressurized Air-Conditioning System

Although there are plenty elaborations addressing the reason for cabin air contamination events this section serves to give a rough overview of the underlying technical problem that results from the use of bleed air from the aircraft engines.

According to EASA CS-25 certification rules for Large Aeroplanes, supplemental oxygen supply must be guaranteed from an altitude of 10000 feet and above, either by provision of oxygen masks or via a pressurized cabin. In commercial aviation, the second of the two variants is commonly applied. Apart from few exceptions like the Boeing 787, todays large passenger aircraft use air-conditioning systems based on bleed air supply, to provide fresh pressurized air for the cabin.

“A bleed air system uses a network of ducts, valves and regulators to conduct medium to high pressure air, "bled" from the compressor section of the engine(s) and APU, to various locations within the aircraft” (SKYbrary 2019a), as shown in Figure 2.1. Among other things, the bleed air is used for the air supply.

[image: ]
[bookmark: _Ref43740790]Figure 2.1	Classical mixed bleed and electrical architecture with pre-cooler in pylon, Fehrm 2016



[bookmark: _Toc47365721]2.1.2	Technical Problem of Air Contamination

Due to a variety of influences, the air drawn off at this point can already be contaminated. One of these contamination factors can be attributed to a design deficiency of the bleed air system itself. In her bachelor thesis Voth (2018) describes how oil particles get into the bleed air due to the sealing system of the shaft bearings, shown schematically in Figure 2.2.

[image: ]
[bookmark: _Ref43742139]Figure 2.2	Schematic of the lubrication and sealing system of the shaft bearings, Scholz 2019b

Labyrinth seals in the engines do not actually seal but allow air to pass, containing toxic oil particles by design. The oil particles then directly enter the cabin with the bleed air. In his 2019 project report, Lakies (2019a) discusses further reasons for cabin air contamination, such as VOC, CO2, and others, in addition to engine oil leaks. His report includes equations to calculate the dynamics of the concentration of cabin air contaminants and concludes by saying that a reconstruction of the bleed air system and a purification of the cabin air deems necessary.





[bookmark: _Toc47365722]2.2	Current Situation and Measures Already Taken against
CACEs

Although the problem of air contamination has been known for years, hardly any noteworthy measures have been implemented to counteract the occurrence of CACEs on the one hand, and on the other hand to provide a schedule to adequately respond to such incidents.

The US company PALL has already developed and sold filter systems that are able to filter TCP and VOC out of the air. “The carbon adsorbent is effective at adsorbing volatile organic compounds (VOC). Test results have shown a removal efficiency of 65% ... 73% when challenged with TCPs in the gaseous phase” (PALL 2011 cited in Scholz 2018).

There are various concepts for air filtering. In his lecture for the German Aerospace Congress 2018 Scholz (2018) shows several variants where filters can be located efficiently as shown in Figures 2.3 to Figure 2.7.

[image: ]
[bookmark: _Ref47366857]Figure 2.3	Filtration of cabin air option 1, Scholz 2018
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Figure 2.4	Filtration of cabin air option 2, Scholz 2018
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Figure 2.5	Filtration of cabin air option 3a, Scholz 2018

[image: ]
Figure 2.6	Filtration of cabin air option 3b, Scholz 2018

[image: ]
[bookmark: _Ref47366866]Figure 2.7	Filtration of cabin air option 4, Scholz 2018



Since in case 3b the hot trim air is not filtered a certain amount of bleed air from the engines can still enter the cabin directly, also allowing a certain amount of TCP and other components to enter. Although applicable, having filters located in hot areas is avoided due to a high risk of failure. As a result, the filtration concepts 3a and 4 are most likely to be applied in praxis.

In 2017 the British airline EasyJet announced to start testing a new air filtering system making them the first airline to act on the cabin air contamination problem (Haines 2017). 
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3	Detection of a CACE

[bookmark: _Toc47365724]3.1	The Need for Sensor Data

Besides the need for air purification and reconstruction of the air-conditioning system, pilots must be able to prove a CACE incident beyond any doubt in order to be able to react appropriately and quickly. 

In case of air contamination due to oil in the cabin air a smell event occurs, commonly described as the smell of “dirty socks”. But the impression of a smell is highly subjective and volatile for humans due to the functioning principles of the human olfactory organ – the human nose. 

“The human olfactory system uses a variety of chemical sensors known as olfactory receptors, combined with automated pattern recognition incorporated in the olfactory bulb and olfactory cortex in the brain. … The chemical reaction in the receptors produces an electrical stimulus. These electrical signals are then transported by the olfactory axons through the cribiform[sic] plate … to the olfactory bulb …. From the olfactory bulb, the receptor response information is transmitted to the limbic system. This gives rise to sub-conscious associations between odor and recalled memories.”
(Chen 2004, pp. 10-12)

Since the memories vary for each human, so do the individual associations between a specific smell and the recalled memories. Therefore, every pax in the aircraft cabin can have a different interpretation of a certain smell. Furthermore, humans do not smell all odors present but the change of the odors, making the recognition of a smell volatile. The duration of the smell impression also varies between every person. For example, if a person is used to the smell of dirty socks – maybe because of bad body hygiene – this person might not be sensible for the impression of a smell event. Besides the highly subjective impression of odors, there can also be contaminants in the air without an odor, and thereby not noticeable for the human nose at all.

Since the recognition of smell events is very subjective and the smell event itself not necessarily based on a system failure it is necessary to provide sensors to base the subjective impression of a smell event on objective findings. In case of a fume event it is obvious that a critical incident must have occurred so the probability for a false alert is low. Nevertheless, sensor data can provide essential information about the type of smoke development based on the detected compounds – The composition of smoke by fire is different from that of oil mists – so either way, providing sensors to which the pilots can refer is necessary and even prescribed in the EASA CS-25 guidelines for Large Aeroplanes. “CS 25.1309(c) requires that information concerning unsafe system operating conditions must be provided to the crew to enable them to take appropriate corrective action” (EASA 2012, p.591). Furthermore the CS-25 regulations state that “Even if operation or performance is unaffected or insignificantly affected at the time of failure, information to the crew is required if it is considered necessary for the crew to take any action or observe any precautions” (EASA 2012, p.592). It has been proven that cabin air pollution can lead to serious health problems (see Day 2015). In addition, numerous examples show that a CACE cannot be prevented with certainty (see SKYbrary 2019a), whereby the air conditioning system becomes a system in accordance with CS-25.1390, in which "unsafe system operating actions" (EASA 2012, p.591) can occur and as a result must be linked to an information system accordingly, which informs the crew about the malfunction.



[bookmark: _Toc47365725]3.2	Indicator Substances for CACEs

Sensors that can detect smell and fume events already exist but are currently not available as standard equipment on aircraft. Among others Scholz (2018) has already carried out research in this direction and addresses sensors in his lecture for the German Aerospace Congress 2018, which can be used as personal hand-held measuring devices for the pilots. In the lecture he uses a CO meter from Kkmoon for a test with exhaust gas on the ground but there are several possible sensors available on the marked since it’s a common technology which is not limited to the aircraft industry.

In his lecture at the Aircraft Cabin Air Conference 2019 in London, Byron W. Jones (Jones 2019) addresses the topic of bleed air contamination detection as well. Jones (2019) refers to the research project VIPR, where amongst other things they injected oil into the compressor of a C17 transport aircraft engine (the same engine is used in the Boeing 757) and measured the contamination in the cabin air. In the project 1200 g of oil per hour was injected for an air flow of approximately 20 kg per second (about 17 ppm by mass) which was being associated with acute events. The measuring results show a rise of approximately 500 ppb of carbonmonoxy (CO) in the cabin, leading to the conclusion that an appropriate sensor device should provide a measurement resolution of at least 100ppb in order to also detect low level events, below 17 ppm by mass. While these results do not change the conclusions by Prof. Scholz, it clearly states that sensors with industry standard are necessary, since common low-cost CO sensors do not provide such a high measurement resolution.

In addition to the possibility of using CO as an indicator for CACEs, Jones (2019) also discusses other possible substances as indicators. Due to the excessively high background level and various possible causes for an increase, CO2 as a standalone solution is out of the question as an effective indicator. According to Jones (2019), however, a promising approach is the use of VOCs as indicators. He starts with total VOC (TVOC) concentration measurements. During the tests, an increase of around 0.5 ppm by mass was measured for an acute event. From this, he concludes that TVOC can be used for acute events but could be problematic for low level events. In addition, the informative value on ground is questionable due to the high urban background levels.

The most promising VOC substance tend to be formaldehyde, with measured values of 300 ppb increase over 17 ppm by mass oil. Although it is not possible to say without a doubt whether the increased values are caused by exhaust gas from the environment or oil from the engines when just using formaldehyde sensors, this problem can be avoided by combining the formaldehyde sensors with CO2 sensors, as a simultaneous increase in CO2 values can be seen when the formaldehyde values are increased due to exhaust gases. According to Jones (2019), other VOCs can also provide usable information, but their efficiency and informative value tend to be below formaldehyde.

Another promising attempt appears to be the use of ultrafine particles as indicator for contamination events. Jones (2019) points out, that while the measurements of CO and VOC show measurable but just little increase in case of contamination events, ultrafine particles show four orders of magnitude increase between contaminated and clean air. Even if the engines are running a difference of two orders of magnitude increase can be measured, making ultrafine particles apparently the most suitable attempt for low level contamination events. The downside of ultrafine particles as indicators are the comparably expensive sensors, and it is still uncertain whether the efficiency is the same with other substances than oil, like hydraulics or anti-icing. 

Even if it is still unclear which approach is the most effective to detect CACEs, Jones (2019) shows with his lecture that there are numerous possibilities to take a first step in the direction of a sensory monitoring of the cabin air and points out that a corresponding measurement does not need to be perfect in order to be useful. He concludes his lecture with the words "If you don't take the first step, you never get anywhere"(Jones 2019). The following Table 3.1 shows a summary of the indicator compounds considered by Jones (2019) and his conclusions as to whether these are suitable.

Table 3.1	Conclusions on Indicator Compounds, Jones 2019
	Indicator compound
	
	Unit
	Measured
rise
	Necessary
resolution
	Conclusion

	Carbon Dioxide
	CO2
	ppb
	-
	-
	No

	Carbon Monoxide
	CO
	ppb
	~500
	100
	Maybe

	Total Volatile
Organic Compounds
	TVOC
	ppb
	~500
	100
	Maybe

	Formaldehyde
	HCHO
	ppb
	~300
	100
	Promising

	Acetaldehyde
	C2H4O
	ppb
	~200
	100
	Promising but Formaldehyde probably better

	Tricresyl Phosphate
	TCP
	ppb
	~1
	1
	No

	Ultrafine Particles
	UFP
	 
	102 to 104
	-
	Very promising if suitable sensors become available



The ANSI / ASHRAE Standard 161-2013, published by the international organization ASHRAE, also deals with the issue of cabin air quality in commercial aircraft. The requirements for the indicator substances are formulated in that standard as follows:
“The indicator substance(s) shall (1) be shown to be associated with the presence of partly or fully pyrolized engine oil and hydraulic fluid; (2) have a sufficiently low background level that its presence can be reliably attributed to these contaminants; and (3) be measured with sufficient sensitivity to reliably detect the occurrence of these contamination events.” (ASHRAE 2013, p.6)



3.3	Measurement Approach

The question of the right indicator compounds is crucial, but not the only one. It is important to consider how a measurement of the cabin air quality (CAQ) can generally run and how it is structured. As part of the EASA (2020) Workshop on future Cabin Air Quality Research from January 30th to 31st, a “routine and dedicated CAQ monitoring methods” (Stranger 2020, p.146) are therefore defined consisting of four components.

· The first component are the indicator compounds “identified by means of chemical screening of CAQ” (Stranger 2020, p.146), as already examined in section 3.2.
· The second component sets the general conditions for the sensors in terms of shape and size. A "miniature-type sensor box"(Stranger 2020, p.146) is to be built into the air conditioning system as a kind of proxy in order to ensure a continuous assessment of the indicator compounds. Similar to a computer network, where the proxy server is between the sender and receiver and forwards and can filter the network traffic, a proxy configuration of the sensor box means that the fresh air is first passed through the sensor box before it enters the cabin. 
· The third component is the sensor itself and thereby its operating principal. Several possibilities come into question, which will be discussed in more detail later. In the EASA (2020) workshop, the functional principle of an electrical nose is chosen, which is characterized by pattern recognition.
· Since for such a sensor system calibrations and validations need to be done, the last component is a “Gas generation system for complex gas mixtures in order to test, calibrate & validate” (Stranger 2020, p. 146) the sensor data under realistic conditions.

As already mentioned, there are different approaches for measuring cabin air pollution which can be mainly differentiated in two categories.

· The first and simplest variant is to measure the concentration of individual previously defined indicator compounds. This approach enables the detection of potentially undesirable and harmful substances, but the interpretation of the corresponding values is relatively imprecise. As Jones (2019) already pointed out, there are substances that indicate a problem with a relatively high degree of certainty, but individual components can be contained in a large number of substances, so that the cause cannot always be identified unequivocally.
· The second and more promising attempt is to take the odor as a sum of compounds and only look for patterns. This variant is not just used as basis of the routine described in the EASA (2020) Workshop, but also in several other research projects, like the EU-funded DOCA project as well as the “PUREcabin” technology (Mlcak 2019) developed by PALL Aerospace. In his lecture for the International Aircraft Cabin Air Conference in London Rick Mlcak (2019) explains the operational principal behind that method by using an apple as example, and the way human smell it. When humans smell an apple, they recognize that it is an apple not because the human nose senses the concentrations of the individual chemical compounds in it, but because of the sum of these compounds and their combination. Because of that basic functional principal humans are able to not only recognize one specific brand of apples with its exact chemical concentrations but apples as a hole category, since besides small variations in the exact chemical compound concentrations, apples always have a similar pattern of chemical components. The same goes for contaminants in the cabin air.



3.4	State of the Art Sensors

Having the measurement methods and indicator compounds examined in sections 3.2. and 3.3 the points that still remain from the “routine and dedicated CAQ monitoring methods” (Stranger 2020, p.146) in section 3.3 are the sensors themselves. The ASHRAE (2013) Standard states:

“The trigger point is defined as a concentration that may not be high enough to be associated with a negative health impact on its own but rather indicates the presence of partly or fully pyrolyzed oils or hydraulic fluids. The trigger point shall be high enough above background levels to indicate contamination but not so high above background levels to miss events.” (ASHRAE 2013, pp.6-7)

It must be noted that a "trigger point" should only be used as a support measure to indicate to the pilot by means of a signal that a critical level of an indicator substance has been reached. It is no substitute for the display of the specific value. CFR §91.3 in the FAAs General Operating and Flight Rules states:

(a) The pilot in command of an aircraft is directly responsible for, and is the final authority as to, the operation of that aircraft. 
(b) In an in-flight emergency requiring immediate action, the pilot in command may deviate from any rule of this part to the extent required to meet that emergency. 
(FAA 2021)

In order to be able to make a well-founded decision in an emergency and for efficient troubleshooting, it is necessary for the pilot to have a real-time display of the corresponding values. When in doubt, the decision to act lies with the pilot and not with a warning light.

By that means and considering the findings provided by Jones (2019) it is certain that sensors with a measurement resolution of industry grade are required to measure the selected indicator substances. The requirement for a correspondingly high resolution and a low sensor measuring range restricts the selection of suitable sensors and drives up the price, but some of the corresponding sensors are already available or in development.

In Mai 2018 the Joint Research Program (JRP) Future Sky Safety (FSS) released the “On-board air quality – Final report on the effect of new materials” (FSS 2018). In the study “the state of the art and developments, including related technologies, in cabin air quality, societal trends in air quality, and competitiveness for industry offered by cabin air quality” (FSS 2018, p.8) is being investigated. Among other things, the sensors for monitoring the cabin air quality are considered in terms of size, type and location. One of the study’s goals is the identification of the best monitoring equipment and methodology and their adaptation to aviation requirements. In order to do so the study takes various commercial off the-shelf sensor (COTS) into account, as well as new and more complex sensor concepts, which are “mainly focused on miniaturization of whole sensing technologies that are currently too large to be portable e.g. creation of handheld Ion Mobility Spectrometry (IMS), or manufacturing tailored sub-components to remove the limiting operational factors in current COTS sensors” (FSS 2018, p.36). Basically, the sensors that can be used for measurement can be divided into two categories. On the one hand, hand-held sensors, and fixed sensors, whereby the hand-held sensors are only of limited informative value due to their location in the cabin and the cockpit.



3.4.1	Hand-Held Devices

Air quality sensors are not only used in commercial aviation, but also in other industries. For this reason, there are already some COTS sensors that can be transferred to the requirements of commercial aviation. Many of these COTS sensors are hand-held sensor systems, some of which can measure individual indicator substances, but some of them are also able to detect several different substances. While being a good thing to begin with, hand-held measuring devices might not be sufficient for the pilots to be able to respond to cabin air contamination reliably and in adequate time. There are several reasons for this. First of all, the measurement would only take place in the cabin and the cockpit, resulting in an extensive and time-consuming troubleshooting process, since the origin is by then yet unclear. Another critical aspect when it comes to the troubleshooting process arises from the chemical nature of possible contaminants like an oil mist.

One substance for which a large number of hand-held sensors are available is CO. If these sensors are now used as an example, it should be noted that if an increased CO concentration is measured, and even if the origin is found, the reason for the increased measurement has not yet been determined. An increased proportion of CO in the cabin is not necessarily due to a leak in the bleed air supply. For example, it can also be caused by a fire. Surely that would be a critical event, but the necessary measures to be taken are not the same. Prof. Scholz also addressed these portable measuring devices in his letter to Ms. Dröge and Mr. Kindler from the German Bundestag fraction Bündnis 90 die Grünen from May 3, 2020, in which he demands “portable measuring devices for every pilot for use in the cockpit!” (Scholz 2020a, p.1). Prof. Scholz specifies this requirement by adding “Lufthansa procures (simple, portable) measuring devices (CO, CH2O, UFP, or ...) in consultation with the findings from the working group FHE [of the German pilot union 'Vereinigung Cockpit' VC]” (Scholz 2020a, p.1). In order to make the use of hand-held sensors accordingly sensible, it is necessary to consider the simultaneous measurement of several indicator substances in order to be able to clearly assign the occurrence of increased measured values to a specific problem. Another reason for the insufficiency of handheld devices is that most of these measuring devices work battery operated, which greatly reduces reliability. The fact that such a device does not have a fixed position in the cockpit can also result in a critical measurement not being noticed at all or being noticed too late.

Despite all the potential insufficiencies, with the introduction of hand-held measuring devices for the detection of CO and other indicator compounds, the first step would be taken towards the detection of a CACE and thus an opportunity to react early and appropriate to possible malfunctions in the air supply, but the implementation of these requirements is still pending.

The following Table 3.2 provides a list of applicable sensors which could be used as hand-held devices for pilots. The sensors listed in the table have a high level of accuracy, but their efficiency still needs to be assessed, with regard to possibly too high background levels and reactions to fluctuating framework conditions such as ambient pressure, temperature, and others.

Table 3.2	Handheld COTS measuring devices
	Model
	Manufacturer
	Range

(ppm)
	Resolution

(ppm)
	Indicator compound


	testo 315-3 without Bluetooth (TESTO 2020a)
	Testo
	0…100
	0.5
	CO

	CO probe (digital) - with Bluetooth a (TESTO 2020b)
	Testo
	0…100
	0.1
	CO

	HCHO / TVOC measuring device BQ16 (Trotec 2020)

	Trotec
	0…5

0…9.99
	0.01

0.01
	HCHO (Formaldehyde)
TVOC

	Fluke 985 b (Fluke 2020)
	Fluke
	-
	-
	UFP


a 	It is just a sensor, a measuring device like the “testo 440 – climate meter” (TESTO 2020b) is needed for evaluation
b	The resolution is not measured in ppm but the size of the particles – six channels
0.3 μm, 0.5 μm, 1.0 μm, 2.0 μm, 5.0 μm, 10.0 μm

With regard to the above-mentioned device for measuring UFPs (Fluke 2020), it is not only important to note that it may not be considered due to the unit price of just under 5000 €. It is also important here to examine the corresponding measuring range with the requirements for measuring accuracy, which has not yet been done at this point. Another problem is the individual and sometimes confusing display of the measurement results, which neither give concrete information about what the individual measurements mean, nor interact with measuring devices that may be used simultaneously for other indicator substances.



3.4.2	Fixed Devices

A sensor system integrated into the aircraft electronics, which gives the pilot a message on the screens located in the field of vision, is much more efficient and more fail-safe due to the onboard power supply. The FSS (2018) study explains that there are many systems for real-time analyzes using sampling tubes, which, like the hand-held devices mentioned above, measure individual indicator substances. However, these are not yet realistically usable at the moment, as the conclusion of the FSS (2018) study shows:

“It was noted that over time, some sensors could be subject to drift and that maintaining calibration could be a challenge e.g. pressure changes could affect the reading. As a methodology, a manifold of COTS sensors could conceivably be an option for cabin air monitoring however they would need further adaptation to the aircraft environment, in terms of size, cost and resilience to cabin air changes during the flight phases.” (FSS 2018, p.34)

This consideration took into account results from other studies, such as the "Aircraft Cabin Air Sampling Study" (Crump 2011). In this study, a photo-ionization detector (PID) was used to detect VOC and TVOC, as well as a gas monitor (electrochemical sensor) and P-Trak ultrafine particle counter to measure CO and UFP values (Crump 2011). The following Table 3.3 provides an overview of some stationary COTS Sensors available on the market, which could be integrated into the onboard systems.

Table 3.3	Stationary COTS sensors
	Model
	Manufacturer
	Range

(ppm | μm)
	Resolution

(ppm | μg/m³)
	Indicator compound

	SGX-4CO (SGX 2020a)
	SGX Sensortech
	0…1000
	(Analog)
	CO

	SGX-4 DT (SGX 2020b)
	SGX Sensortech
	0…500
	(Analog)
	CO

	DFRobot Air Quality Monitor PM 2.5 Formaldehyde
Temperature & Humidity
Sensor (DFROBOT 2020)
	DFRobot
	0.3 - 1.0,
1.0 - 2.5,
2.5 - 10.0
0…2
	1


0.01
	UFP


HCHO (Formaldehyde)



In addition to the possibility of using standalone COTS sensors for measuring individual indicator substances, the FSS (2018) study also points out that “Various small, integrated, low cost devices to monitor indoor and/or outdoor air quality are currently on the market, many being part of distributed reporting networks” (FSS 2018, p.35). The examples given in the study are outdoor and indoor solutions, some for private use but also for companies. All products presented and listed in the following Table 3.4 contain and combine the measurements of various indicator substances. Most products are also designed so that the sensor values are collected centrally and distributed among the entire population or all customers. This way everyone can see the air quality of the entire region.

Table 3.4	Integrated, low cost devices for air quality monitoring, FSS 2018
	Model
	Description
	Indicator compounds

	uHoo (UHOO 2021)
	Cloud based indoor monitoring
	CO2; VOC; PM2.5; CO; O3

	Awair (AWAIR 2021)
	Linked monitoring system for smart environment
	CO2; chemicals and particles
(not further specified in FSS 2018)

	Airbeam and Aircasting (AIRBEAM 2021)
	Linked monitoring system with network uplink (Aircasting Network)
	CO; NO2

	Egg (EGG 2021)
	Crowdsourced monitoring network
	CO; VOC; CO2; SO2; particles

	uRADMonitor (URADMONITOR 2021)
	Global network of interconnected hardware devices
	Paarticles; VOC



The indicator compounds listed in Table 3.4 are only those that were considered appropriate in the context of this thesis. The actual scope of the measurable components can exceed those listed. The listed products are also able to measure temperature and humidity, for example. The applicability of the products listed in Table 3.4, especially with regard to measurement resolution and measurement range, has not yet been checked at this point. Due to the basic design for operation on the ground, a one-to-one transfer to commercial aviation is not possible anyway. Nonetheless, the examples given show that a basic networking of individual COTS sensors is not only possible but is already available on a commercial scale and can also be applied to commercial aviation with additional research and development work.

There is also the possibility to test specifically for oil components in the air. As part of the EU-funded DOCA project (CORDIS 2016), which started in September 2012 and was completed in December 2014, a real time capable sensor system was developed with which it is possible to detect oil in compressed air, shown in Figure 3.1.

[image: ]
Figure 3.1	DOCA Sensor, CORDIS 2016

“In particular, the newly developed sensor system is capable of detecting contaminant concentrations of less than 1 ppb in all lubricants or mixed oils. The connection of the sensor to the compressed air system is achieved by a patented quick lock system”(CORDIS 2016). In 2016 a follow-up project was started by Eurostars with the title PASOCA (EUROSTARS 2016), in order to take the prototype to a certified commercial product. The system is based on the photoacoustic sensory technology. The sample (from the compressed air) is irradiated with nanosecond pulsed laser light. The contaminant particles absorb the light, causing local heating and thermo elastic expansion. Pressure or sound waves are emitted, which are detected by ultra-high frequency receiver. The detected frequency changes are amplified and can then be assigned to the components by their resonance frequencies.

A similar attempt is pursued by the Company PALL Aerospace with their pure cabin technology (Mlcak 2019) since it also relies on the measuring of resonant frequencies. The “PUREcabin” concept is divided in two parts, the “PALL Clean Air Technology” (PALL CAT) concentrating on the filtering of the cabin air, and the “Contaminant Sensing and Informing” (CSI). Since the filtering of the cabin air is already mentioned in Section 2.2 and is not subject of this thesis, the PALL CAT will not be further discussed at this point. The CSI is again split in three functions. Detecting contaminant events, determine whether the level of contaminants is stable, increasing or decreasing and finally identifying the contaminant source. The idea is to measure the “normal” operating condition in the aircraft and thereby being able to detect deviations from that normal state. This way the CSI works similar to the human nose, which as mentioned in Section 3.1, also recognizes an increasing concentration of a smell rather than the presence itself. The following Figure 3.2 shows the schematic structure of the Sensor technology developed by PALL Aerospace.

[image: ]
Figure 3.2	Schematic structure of the PALL cabin air quality sensor, Mlcak 2019

Based on the functionality of the human nose, the aim of the CSI is not just to detect the presence of components, but rather to clearly assign the odor (i.e. the combination of several components) to a source. As can be seen in Figure 3.2, in order to do so, a small amount of the cabin air is passed through a preconcentrator which collects and thereby isolates the analytes (chemicals) of interest. The Analytes captured are then heated up once a minute and flash desorb from the preconcentrator onto a resonator surface. When the analytes hit the resonator a change of mass occurs, causing a change of the resonant frequency. During the flash the resonant frequency is measured with a frequency of 100 Hz to measure the response spectra. The response spectra, which are exemplary shown in Figures 3.3 to 3.5 for Deicing fluid, Mobil jet oil and Exxon Hijet, are different for each chemical and can be assigned by running the response spectra through a pattern recognition algorithm. More precisely the change in the response spectra is analyzed by the pattern recognition algorithm.
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Figure 3.3	Response spectrum Deicing Fluid (Mlcak 2019)
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Figure 3.4	Response spectrum Mobil Jet Oil (Mlcak 2019)

	[image: ]
Figure 3.5	Response spectrum Exxon Hijet, Mlcak 2019



According to Mlcak (2019), when PALL Aerospace started their on-aircraft tests, they found themselves facing multiple difficulties, causing a delay of the product launch. The first problem arises from the condensed oil vapors and ultrafine particles, which can deposit on the surface of the sensor as well as on numerous others in the cabin. Such a coat on the sensor surface influences the accuracy of the measurement through the change in mass and also shortens the life span of the sensor through simultaneous partial oxidation. Since the use of filters in front of the sensor would make the measurement itself more or less obsolete, the problem can only be approached by adapting the sensor. PALL Aerospace therefore focused on finding materials that are compatible with the fluids used and with fouling mitigation features for the sensor. Another difficulty to deal with is the varying contaminant level depending on whether the ECS is on or off, causing false positives or negatives. When the ECS is turned off, the air in the cabin is stagnant, which causes a high contaminant level, since no fresh air can enter the cabin and the already present contaminants cannot exit the cabin. As a result, the measurements show high contaminant levels without having an external contamination source. By placing the sensor right in front of the ECS duct, the measurements just shows what the ECS is supplying. That way the problem of the fluctuating background level is avoided. Last but not least the on-aircraft tests show a dependence of the contamination level from the ECS state. When the ECS is set on cooling, the added contaminants are bound in the heat exchanger and therefore not detected at the ECS duct outlet. Only when the ECS is set to heat, the contaminants dissolve from the heat exchanger and get into the cabin. This discovery shows that cabin air pollution cannot be immediately and unequivocally associated with bleed air pollution. In order to do that PALL Aerospace aims to develop a bleed air sensor as soon as the cabin air quality sensor is in the field. That way the bleed air contaminants are measured before they reach the mixing chamber.

Independent of the PURECabin technology developed by PALL Aerospace, the FSS (2018) study defines the framework conditions for a corresponding sensor system as follows:

· Performance requirements suggest accuracy (±15%), sensitivity (low ambient levels), and sampling interval (≤60 s),
· Physical attributes suggest limitations on the size of sensor elements (≤ 3/8” in diameter), weight of sensor systems (≤1 kg), supply voltage (28 V),
· Cost motivated suggestions include frequency of maintenance (coincident with service schedules), required operator skill (minimal) and target cost for replaceable sensor elements (≤$100).
(FSS 2018, p.35)

Taking limiting factors like the inability of current sensors to tolerate ambient conditions into account, as well as too high costs and dimensions, “some research strategies have focused on miniaturization of whole sensing technologies that are currently too large to be portable” (FSS 2018, p.36) The technologies primarily aimed at are Ion Mobility Spectrometry (IMS), sub-components in current existing COTS sensors, and miniature Fourier Transform Infrared (FTIR) sensors like the one being developed by FrinGOe (2021). Considering two sensor types, COTS gas sensors and sensors based on “Thermal desorption – gas chromatography – mass spectroscopy” (FSS 2018, p.42), the FSS (2018) study proposes a concept for continuous air quality sensing called “Industrial cabin air quality Framework based on Continuous Air quality Sensing” (IFCAS). “The core of IFCAS is a network of distributed low power, low weight sensors that is distributed across the cabin” (FSS 2018, p.48), based on the operating principle of an electric nose like other solutions already assessed in this section.



[bookmark: _Toc47365726]3.5	Concepts for Sensor Implementation and Placement

In order to detect the presence of contaminants effectively and also being able to locate the source efficiently in adequate response time, it is important to distinguish the most suitable position for the sensors in the aircraft. Since the above-mentioned sensors operate with varying principles the suitable locations vary as well.



3.5.1	Hand-Held Devices

The placement of the handheld devices is largely determined by their definition, insofar as they have to be used in the cockpit or the passenger cabin. Nevertheless, it should be noted that these sensors, due to their generally limited efficiency in locating the source of the contamination, should definitely be positioned in a clearly visible location. Ideally, these sensors should be in the pilots' field of vision so that they are able to react to contamination as quickly as possible. If this is not the case, there is a risk that critical high measurements will be realized too late or not at all.



3.5.2	Fixed Devices

Since the monitoring of the fixed sensor devices does not necessarily dependent on the placement of the sensor itself, the sensors cannot just be placed in the passenger cabin or the cockpit, but also in the air conditioning ducts and other positions in the aircraft, depending on the sensors themselves.

There are several options for the placement of the sensors, which differ significantly in terms of costs, installation effort, precision, and scope of measurement. If you decide on the more extensive variant of optical acoustic spectroscopy, or if you follow the approach of PALL Aerospace with your cabin air quality sensor, it makes the most sense to place them at the ECS duct outlet, as these sensors are designed to measure several different contaminants. In this way, a large number of possible contaminations can be measured with just a few sensors and traced back to their cause. While a wide range of possible contaminations is covered, it is difficult and, in some cases, not even possible to determine the exact cause of specific contamination events of the cabin air, as shown by the on-aircraft tests by PALL Aerospace. In order to be able to trace every contamination event down to its specific source, the use of multiple sensors is necessary, making it very expensive to just use these kinds of sensors.

Another less expensive solution would be the use of fixed COTS sensors combined in an onboard air quality monitoring network. If placed at the outlet of the ECS ducts or other places in the cabin, the possibility to trace the cause for a positive measurement is very low. In order to obtain meaningful measurement results, it is necessary to position the sensors at significant points in the aircraft. In the event of a CACE due to contamination of the bleed air, the most sensible solution would be to place a CO sensor, or a sensor for other adequate indicator compounds on the bleed air line of each individual engine, even before the packs. In this scenario, it would be possible to immediately assign the corresponding problem to its cause, but at the same time numerous other reasons for contamination of the cabin air are not recognized or taken into account. If such simple sensors are used exclusively, this inadequacy can only be covered by a high number and placement in numerous other locations, which also leads to increasing costs.

The most reasonable attempt appears to be the one already exemplary pursued by PALL Aerospace with their CSI concept of the “PUREcabin” technology (Mlcak 2019). Their goal is the detection of a variety of different contamination events and the tracing of their causes. In order to do so, they place their cabin air quality sensor in front of the ECS duct outlets in the cabin, as described in Section 3.2.2, to magnify the number of detectable contamination events, and plan to place further bleed air sensors in the bleed air lines at positions where the bleed air has not yet entered the packs and the mixing chamber.

If stationary installed sensors are used, the question arises as to how an evaluation and a central evaluation can be achieved. Again, there are two basic principles. On the one hand, a conventional wired network of the sensors or a wireless network. In both cases, a centralized consolidation of the sensor values would be possible and thus centralized monitoring of the air conditioning system. In his 2012 Progress Report, Byron Jones (2012) already states:

Wireless sensor networks can provide the necessary coverage and cooperation to effectively monitor air quality sensor systems in aircraft bleed air supplies and airliner cabins. A prototype of such a system has been successfully tested in a Boeing 767 mock-up cabin. The wireless sensor network was shown capable of monitoring multiple environmental variables, and providing real-time, correlated data and represents a new tool that will improve our ability to characterize highly dynamic environmental control systems on aircraft. (Jones 2012, p.40)





4	Suitable Checklists for a CACE

When going through currently available emergency checklists one finds that there are already checklists addressing the event of smoke and fumes in the cabin which is suspected to come from the air conditioning. Even if the presence of these checklists is promising, it is important to check whether they adequately consider a CACE due to bleed air pollution and allow an appropriate reaction by the pilots. To check this, different emergency checklists for "Smoke and Fumes in Cabin" are compared, checked for similarities and differences, and then analyzed for applicability. The Airbus models A320/A330/A340, the Boeing B757/B767 and the McDonnell Douglas (Boeing) MD-11 serve as examples for EMC checklists provided by Original Equipment Manufacturers (OEM). In addition, some EMC Checklists from individual airlines are provided, directly addressing the presence of odors in the cabin. 



4.1	Airbus A320/A330/A340

The Procedures for smoke, fumes and avionics smoke provided by Airbus is basically divided into two main blocks. First the "Immediate Actions", defining basic steps in order to protect the crew. These steps are reversable and designed to not worsen the situation. The second block is the diversion part. The diversion block is again split into sections, the first one being the "at any time" procedures, followed by the steps for the "Source determination". Starting with the “Immediate Action” block the checklists of the Airbus models begin with LAND ASAP, i.e. the request to land as soon as possible, as shown in Figures 4.1 and 4.2.
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Figure 4.1	EMC procedure smoke in cabin, Airbus A320, general instructions,
Smart Cockpit 2020a
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Figure 4.2	EMC procedure smoke in cabin, Airbus A330/A340,
Smart Cockpit 2020b
Even if landing as soon as possible is necessary or recommended in some cases, this does not have to apply to all cases of smoke or fumes in the cabin. If the cause can be determined quickly and the smoke and / or odor development can be stopped, it is not necessary to deviate from the destination airport. For the A320 the first instructions, beside LAND ASAP, are BLOWER OVRD, EXTRACT OVRD, CAB FANS OFF, and GALLEYS OFF, as can be seen in Figure 4.1. They are intended to disrupt the air recirculation in the cabin in order to prevent persistent contamination. As the marked area in Figure 4.3 shows, by switching the CAB FANS switch to off, the cabin fans, leading to the mixing chamber, are turned off. This way the used air from the cabin does not reenter the mixing chamber, which means that there is no more recirculation of the cabin air.
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Figure 4.3	CAB FANS off, Airbus A320, Smart Cockpit 2021a

Both, the BLOWER, and the EXTRACT pushbutton are part of the avionics ventilation system. The BLOWER pushbutton is connected to the blower fan and the EXTRACT pushbutton controls the extract fan, as can be seen in Figures 4.4 to 4.6.
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Figure 4.4	Avionics ventilation, normal operation, close-circuit config., Airbus A320, Smart Cockpit 2021a
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Figure 4.5	Avionics ventilation, normal operation, intermediate config., Airbus A320, Smart Cockpit 2021a

In normal inflight operation mode, the avionics ventilation is either in closed-circuit configuration (Figure 4.4), which means that the air used for the cooling circulates between the avionics compartment and the underfloor cargo compartment, or in intermediate configuration (Figure 4.5). In intermediate configuration the air still circulates between the underfloor cargo compartment and the avionics compartment but is partially extracted overboard. The operation mode depends on the skin temperature, i.e. the temperature in the cabin. If the skin temperature is above the inflight threshold the avionics ventilation operates in intermediate configuration. Otherwise the ventilation operates in closed-circuit configuration. By switching both, the BLOWER switch as well as the EXTRACT switch, to overwrite (OVRD) the avionics compartment is supplied with fresh air from the air conditioning system instead of recirculated air from the underfloor cargo compartment. The fresh air from the air conditioning system then passed through the avionics compartment and directly extracted overboard as shown in Figures 4.6 and 4.7.
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Figure 4.6	Avionics ventilation, smoke config., Airbus A320, Smart Cockpit 2021a

Having both the BLOWER and EXTRACT switch on OVRD, as well as the CAB FANS switch turned off, and thereby the air recirculation in the cabin and the avionics compartment stopped, the contamination level can go down as fast as possible, provided that the source of the contamination has been isolated.
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Figure 4.7	Overwrite Position BLOWER and EXTRACT Pushbutton, Overhead Panel, Airbus A320, Smart Cockpit 2021a


Since the on-board electronics cannot be excluded as a source of smoke or odor development at this point, the power supply to the primary and secondary galley is interrupted by switching the GALLEY pushbutton to Off, thus avoiding further damage from a possible short circuit or other electronic damage (see Smart Cockpit 2021b, p.48). Depending on the aircraft variant, there may also be a GALY & CAB pushbutton on the overhead panel instead of the GALLEY pushbutton. In this case, the power supply of the in-flight entertainment system (IFE) is also deactivated when it is switched off (see Smart Cockpit 2021b, p.50-52).

In the case of the A330 and A340, the same goal is pursued, here too the next instructions are CAB FANS OFF, GALLEYS OFF and VENT EXTRACT OVRD. Although the formulation differs from the A320 with the BLOWER and EXTRACT OVRD, its aim is identical as can be inferred from Figure 4.8 .
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Figure 4.8	Overwrite position VENT EXTRACT Pushbutton, Overhead Panel, Airbus A340, Smart Cockpit 2021c

When the VENT ETRACT pushbutton is set to override, the overboard extract valve opens partially and the underfloor extract valve is closed. This way the potentially contaminated air from the avionics compartment is not circulated further through the underfloor cargo compartment, but directly extracted overboard (see Smart Cockpit 2021c, p.42). After the air recirculation is stopped, the oxygen supply of the crew masks is switched to ON, 100%, or EMERG according to both checklists, if it deems necessary.

Following the “Immediate Actions” the diversion steps are applied next starting with the check whether the faulty equipment can be identified immediately, and thereby be isolated. If not the case, the “at any time” steps are listed, which are meant to be applied whenever the smoke or fumes become the greatest risk. The A320 checklist stipulates that if the faulty equipment cannot be identified immediately, diversion and a descend to FL100 or minimum obstacle clearance altitude must be initiated. According to the A330/A340 checklist, a descent must only be initiated with dense smoke, for smoke and toxic fumes removal. In addition, it must be considered whether the on-board electronics should be switched to emergency configuration. The same procedure is also described in the A320 checklist in the event that smoke, or fumes are found to be the greatest danger.

The “at any time” steps are then followed by the main diversion procedure for the source identification. If smoke from the air conditioning system is suspected, i.e. also in the case of oil mist development due to bleed air pollution, the bleed air supply of the APU is first stopped for the A330 and A340, the extraction ventilation is switched to automatic and Pack 1 is switched off according to Figure 4.2. If the smoke still persists, Pack 1 is switched on again and Pack 2 is switched off, as well as the CRG FWD ISOL VALVE switch. If there is still no improvement, Pack 2 is switched on again and steps for smoke and toxic fumes removal should be considered. The equivalent procedure for the A320 can be seen in Figure 4.9.
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Figure 4.9	EMC procedure smoke in cabin, Airbus A320, air cond. smoke,
Smart Cockpit 2020a

As one will recognize the procedure is nearly the same in both checklists, apart from the checkpoint for the forward cargo isolation valve and a slight formal deviation, which has already been mentioned earlier. The checkpoints for the BLOWER and EXTRACT switch for the A320 are replaced by VENT EXTRACT switch for the A330 and A340. According to the pneumatics system instructions for the Airbus A320 (Smart Cockpit 2021d), when the APU bleed valve is closed, the cross-bleed valve is closed as well (see Figure 4.10).
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Figure 4.10	Airbus A320, pneumatics, X-BLEED selector sw, Smart Cockpit 2021d

As a result, after the APU BLEED Switch is switched off, each Pack is only fed through the bleed air supply line of one engine, as can be concluded from Figure 4.11.
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Figure 4.11	Airbus A320, pneumatics, pneumatic closure controls, Smart Cockpit 2021d

In case of a bleed air pollution the continuance of the cabin air contamination should be stopped when switching of the packs one by one, as long as the X-BLEED VALVE switch is set to AUTO or OFF. In case of the Airbus A330, which as well as the Airbus A320 is a twin turbine aircraft, the pneumatics system for the APU bleed vale and the cross-bleed valve works the same way, as evidenced by the pneumatics system instructions for the Airbus A330 (see Smart Cockpit 2021f). Although the Airbus A340 is powered by four turbines, the pneumatic system for the bleed air supply works very similar to the Airbus A320 and A330 systems. When the cross-bleed valve is closed, Pack 1 is fed with bleed air from engines 1 and 2. Pack 2 is supplied accordingly by Engines 3 and 4. The operating principle and connection between the APU bleed valve and the cross bleed valve are the same, as can be seen in the following Figures 4.12 and 4.13.
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Figure 4.12	Airbus A340, pneumatics, pneumatic closure control, Smart Cockpit 2021e
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Figure 4.13	Airbus A340, pneumatics, X-BLEED selector sw, Smart Cockpit 2021e

In case of the Airbus A330 and A340, when Pack 2 is switched off, the CRG FWD ISOL VALVE switch is switched off as well, i.e. the cargo forward inlet and outlet isolation valves are switched off (see Smart Cockpit 2021c, page 58). As can be seen in Figure 4.14, by switching of the cargo forward isolation valves the extract fan is also stopped.
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Figure 4.14	Airbus A340, air conditioning, CRG FWD ISOL VALVE, Smart Cockpit 2021e

“Due to extract fan suction, the cabin air flows through the inlet isolation valves into the forward cargo compartment via the sidewall and ceiling inlets. Air is extracted through outlets, on the opposite sidewall, and goes via the extract fan and outlet isolation valve to the underfloor bilge area near the forward outflow valve. To decrease compartment temperature, the inlet ventilation air is mixed with cold air from Pack 2”(Smart Cockpit 2021c, page 56, ll. 3-8).

When the cargo forward isolation valves are switched off, the cold air supply from Pack 2 is cut of as well, which can also be found on page 58 of Smart Cockpit 2021c. Since the cold air is gained from Pack 2, the isolation of the forward cargo compartment is necessary if the smokes source is suspected to be Pack 2.

If the source is different from the one considered in this case and the smoke production does not subside even after switching off the two packs, or the X-BLEED VALE switch is set to ON, i.e. the cross bleed valve is open, the checklist "If smoke source cannot be determined and still persists" will be applied. For the A330 and A340 this can already be seen in Figure 4.2, the corresponding process for the A320 is shown in the following Figure 4.15.
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Figure 4.15	EMC procedure smoke in cabin, Airbus A320, source cannot be determined,
Smart Cockpit, 2020a

As Figures 4.2 and 4.15 show, if the cause for the smoke or fumes cannot be determined in the air conditioning system, the further procedure is primarily based on the assumption that the electronics have malfunction. For this reason, the A320 as well as the A330 and A340 are switched to AC Essential and generator 1 and 2 are switched on and off one after the other to exclude them as possible source. Since there is no fault in the electronics in the case of a CACE due to bleed air contamination, these efforts would have no effect.



4.2	Boeing B757/B767

Following the Airbus EMC checklists, the EMC checklists of the B757 and B767, which are exemplary for Boeing, are now evaluated to the same extent. The following Figures 4.16 and 4.17 show the Emergency Quick Reference Checklist (QRC) and the Emergency Checklist for smoke, fire, and fumes for the Boeing B757 and B767.
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Figure 4.16	Emergency QRC, Boeing B757/B767, AAIB 2011
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Figure 4.17	EMC checklist smoke/fire/fumes, Boeing B757/B767, AAIB 2011

As with the emergency checklists of the Airbus aircraft, the first steps in the QRC of the Boeing B757 and B767 (Figure 4.15) are switching on the oxygen masks and switching to 100% oxygen supply, followed by establishing crew communication. Then the utility bus switches, and the Inflight Entertainment (IFE) power switches are switched off. In addition to the electronics, the air recirculation is interrupted, and the APU bleed air supply is stopped. The Quick Reference Checklist QRC ends with the reference to the detailed, subsequent reference action Flight Manual (FM) page 15.50.7, which is shown in Figure 4.16. Like the EMC checklist for Airbus aircraft, this begins with the case that the source of the smoke/fire/fume is obvious and quickly extinguishable. In this case, the source must also be isolated for Boeing aircraft and extinguished in the event of a fire. In addition, the appropriate steps for smoke and fumes removal must be taken, if necessary. In the event that the source cannot be determined immediately, the equipment cooling is switched to alternate (B757) or standby (B767) and the isolation switches are set to close. Then, likewise the Airbus EMC checklists, the two packs are switched on and off one after the other in order to check them as a possible source. If these measures do not have any effect, according to the EMC checklist of the Boeing B757 and B767, only the fastest possible landing and measures for smoke or fumes removal remain an option.



4.3	McDonnell Douglas MD-11

Another example is the McDonnell Douglas (Boeing) MD-11. Here, there is an EMC checklist for the event that smoke is suspected from the air conditioning system as well, which is shown in Figure 4.18.
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Figure 4.18	EMC checklist air conditioning smoke, McDonnell Douglas MD-11, Burian 2021

Unlike the Airbus and Boeing aircraft considered so far, the MD-11 does not have two but three Packs. When smoke is suspected from the air conditioning system, first the ECON P/B switch is switched to Off. As can be seen in Figures 4.19 and 4.20, switching the ECON push button to OFF the Packs operate under normal condition and the recirculation fans are turned off.
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Figure 4.19	Air Control Panel, McDonnell Douglas (1993) MD-11
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Figure 4.20	Air Control Panel, ECON P/B, McDonnell Douglas (1993) MD-11

The goal in doing so is to determine whether there is a problem in the recirculation system. If the smoke does not decrease, a problem in the fresh air supply is most likely, so the AIR SYSTEM P/B switch is set to manual, the ECON P/B switched back on and Pack 1 is turned off. With the ECON P/B switch set to ON the recirculation of the cabin air operates normally and the Packs work on low condition. As Figure 4.21 shows, when the air system is in manual mode, setting the Pack 1 switch to OFF will close the associated pack flow control valve and the ram air door.
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Figure 4.21	Air Control Panel, Pack 1 sw, McDonnell Douglas (1993) MD-11

If the smoke decreases a malfunctioning in either Pack 1 or Engine 1 can be concluded, the bleed air supply from engine 1 is then stopped, Pack 1 deactivated and the isolation valve 1-3 ISOL opened. The resulting air supply to the cabin can be seen in Figure 4.22.
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Figure 4.22	Engine 1 Bleed air and Pack 1 off, 1-3 ISOL valve open, McDonnell Douglas MD-11, based on McDonnel Douglas 1993

If this setting is used, only Packs 2 and 3 are used, Pack 2 is fed exclusively from Engine 2 and Pack 3 exclusively from Engine 3. By opening the isolation valve 1-3, a bleed air supply for the Anti-icing for the left wing is still provided, despite the deactivation of the bleed air supply by Engine 1. If the smoke level remains the same, Pack 1 is switched on again and Pack 3 is switched off. In case of a decreasing smoke level isolation valve 1-3 ISOL is opened like before and the bleed air supply from Engine 3 is stopped, resulting in the air supply configuration presented in Figure 4.23. This time the open valve 1-3 provides the continuance of the bleed air supply for the Anti-icing of the right wing.
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Figure 4.23	Engine 3 Bleed air and Pack 3 off, 1-3 ISOL valve open, McDonnell Douglas MD-11, based on McDonnel Douglas 1993)

The same goes for Pack 2 if the smoke still persists after switching off Pack 3 and the resulting air supply configuration shown in Figure 4.24. If the smoke decreases when Pack 2 is turned off, isolation valve 1-2 ISOL is opened to provide bleed air to the necessary systems usually supplied by Engine 2 and the bleed air supply from Engine 2 is stopped. Like before the air supply to the cabin is then provided by the two remaining Packs.
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Figure 4.24	Engine 2 Bleed air and Pack 2 off, 1-2 ISOL valve open, McDonnell Douglas MD-11, based on McDonnel Douglas 1993

If these efforts show no effect, all packs remain set to on. The smoke is no longer considered to come from the air conditioning and the EMC CHECKLIST SMOKE/FUMES OF UNKNOWN ORIGIN is applied. As Figure 4.25 shows, when the EMC Checklist for smoke or fumes of unknown origin is applied, the first step is to switch off the CAB BUS switch in order to check the cabin bus system as the smoke origin.
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Figure 4.25	EMC checklist smoke/fumes of unknown origin, McDonnell Douglas (Boeing) MD-11, Burian 2021

If the smoke does not decrease the CAB BUS switch is turned back on and the SMOKE ELEC/AIR selector is applied. The SMOKE ELEC/AIR selector has three selectable positions. Along with other systems in selector position 3/1 OFF, BLEED AIR 1 and Pack 1 are set inoperative. In position 2/3 OFF BLEED AIR 3 and Pack 3 are inoperative and BLEED AIR 2 and Pack 2 in selector position 1/2 OFF. As a result, bleed air contaminations can be determined as the smoke source, even if not using the EMC checklist for AIR CONDITIONING SMOKE. Even though the checklist does not allow a differentiation between a male function of a pack or a bleed air contamination, the contamination of the cabin air can be stopped.





4.4	EMC Checklists provided by airlines

In addition to the EMC checklists provided by the OEMs there are several checklists provided by individual airlines directly addressing the event of odors in the cabin. The following figure 4.26 shows a checklist from the US American airline Frontier.
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Figure 4.26	EMC Checklist ELIMINATION of ODOR in FLIGHT DECK/CABIN, Scholz 2020c

Unlike the previous checklists, this one makes use of the fact that Pack 1 primarily supplies the cockpit and the front area of the aircraft and Pack 2 supplies the rear area. First, a distinction is made between whether the incident occurs in flight or on the ground. In the event that the problem occurs in flight, the first steps are to put on the oxygen masks and establish communication with the cabin. It is then checked whether the odor occurs mainly in the front or rear area of the aircraft. Depending on this, either Pack 1 or Pack 2 is switched off. If the odor persists, the initially suspected Pack is switched back on and the other Pack is switched of. In case that the problem cannot be solved this way, landing as soon as possible is recommended.

Although this procedure can accelerate troubleshooting, it can only be applied to a few aircraft models. As shown in Figures 4.27 and 4.28, the cockpit of the Boeing models B757 and B777 is supplied directly with fresh air from the left pack, i.e. Pack 1.
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Figure 4.27	Boeing 757 Air Conditioning System, Avsoft 2018a
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Figure 4.28	Boeing 777 Air Conditioning System, Avsoft 2018b
In other aircraft, such as the Airbus models discussed above, the cockpit is not fed with fresh air from a specific pack. Instead, like the cabin, the cockpit draws its fresh air from the mixing chamber. For this reason, the fresh air both in the cockpit and in the cabin is very likely to be equally contaminated if contamination comes from a pack or the bleed air supply of an engine.

The attempt is similar to the EMC checklist for smoke or fumes in the cabin. Although the attempt to localize the area in the aircraft appears to safe time in the trouble shooting process, there are several factors unobtained. In contrast to the OEM checklists, the APU is not explicitly switched off first. Accordingly, if the APU is not switched off the cross-bleed valve is not closed automatically. The result is that both packs are equally supplied with bleed air from all engines. If there is now a contamination, for example from engine oil in the bleed air, both packs are equally supplied with the contaminated bleed air, which is why switching the individual packs on and off has no effect. The APU might be assumed to be turned off, but to ensure an efficient troubleshooting, it should be named explicitly.

American Airlines also provides an EMC Checklist for odors, toxic substances, and volatile liquid for the Boeing 737, which is attached as Appendix A. This checklist covers various causes and sources of fire, smoke, and odors. If you focus on a CACE caused by bleed air contamination, the flow chart shown in Figure 4.29 results.



Figure 4.29	EMC Checklist odors/toxic substances/volatile liquid, American Airlines, Boeing B737, based on Appendix A

Like the Frontier Checklist, this one takes advantage of the differentiation between forward and rear cabin contamination of the cabin air. Additionally, unlike the EMC Checklist provided by Frontier, this checklist also covers the contamination of the bleed air supply of an individual engine before entry into the Packs. That is achieved since here the APU bleed air supply is initially stopped and the isolation valve is closed, with the effect that each Pack is only supplied by exactly one engine.


4.5	Applicability and Potential Problems

Although the EMC Checklists for smoke, fire and fumes theoretically cover a CACE due to bleed air contamination, in terms of finding the source it is uncertain whether the procedure is efficient enough to adequately respond to such an incident. The most important aspect is the time it takes to determine and eliminate the source. Under normal conditions when using both packs, the air exchange rate is around 20 to 30 changes per flight hour, i.e. one “complete change” every 2 to 3 minutes (see Lakies 2019a, p.14). Although in theory a complete change of cabin air is assumed every three minutes, this is not a literally accurate description. The air exchange rate represents the volume of fresh air from the environment flowing into the cabin with the unit cabin volume per hour. Since the fresh air is only mixed with the air already in the cabin instead of directly replacing it, the time it takes for a complete exchange of the cabin air exceeds three minutes by far. In Schuchard 2017, the resulting thinning effect is described as a "forced thinning effect" and would ensure that if the source is eliminated, the contamination levels fall below a measurable level within minutes. Due to the complex geometry in the cabin, this is not the case in reality. Seats and cabin monuments act as sink and cause the thinning effect to slow down. This case is referred to in Schuchard 2017 as the "delayed thinning effect". In his memo from June 27th, 2020 Scholz (2020b) explains:

The (theoretical) air change rate is the air flow rate divided by the volume of the room. With full mixing (i.e. ventilation efficiency of 1), the concentration is reduced to 36.8% after one air change. (Scholz 2020b, p.1)

Scholz (2020b) bases this on the fundamental ventilation equation

	   ,	(4.1)

S:	source strength in kg/s
:	effective air flow rate for ventilation in m³/s
C:	concentration of CO2 or any other substance in kg/m³ in the room
:	concentration of CO2 or any other substance in kg/m³ outside of the room
V:	volume of the room

and develops the following equation for the percentual change of a contaminant concentration over time for :

	   ,	(4.2)

with  being the time for “one theoretical air exchange”(Scholz 2020b, p2), the air exchange rate λ and the ventilation efficiency η. Considering a ventilation efficiency of , results in the percentual change over theoretical air exchanges shown in Table 4.1 and Figure 4.30.
Table 4.1	Relative remaining concentration for a ventilation efficiency of  = 1 over
relative time, Scholz 2020b
	
	0.1
	1/3
	1/2
	1
	2
	3
	4
	5

	
	90.5%
	71.7%
	60.7%
	36.8%
	13.5%
	5.0%
	1.8%
	0.67%
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Figure 4.30	Relative remaining concentration for a ventilation efficiency of  = 1 over
relative time, Scholz 2020b

Considering the decay time, which is defined by the EU Guidelines to Good Manufacturing Practice (EU GGMP 2008), as the time it takes for the concentration to decrease to 1%, and can be calculated from

	   ,	(4.3)

as well as assuming a ventilation efficiency of , Scholz (2020b) concludes:

The air in a room will never be "fully renewed", but a remaining concentration of 1% may be accepted to call this "fully renewed" (in accordance with ISO 14644-3). As a rule of thumb "fully renewed" is achieved during a time about ten times the time for one (theoretical) air change.
(Scholz 2020, p.5)

A further aspect which needs to be considered is the filtering. In his bachelor thesis, Marcel Lakies developed an Excel tool with which the temporal progress of a contamination can be calculated. Lakies (2019a) sets up the following equations 4.4 to 4.8 in which he considers the air exchange rate, as well as the proportion of recirculated air and the influence of possible filters in the air conditioning system:

	   ,	(4.4)

where , ,  and  are defined as:

		(4.5)

				(4.6)

				(4.7)

		(4.8)

According to Lakies (2019a), C is the constant of integration, not a concentration and therefore negligible for the influence on the change of contaminant levels over time. Nevertheless, the influence of C cannot be neglected in this consideration since it still shows the dependence of the concentration on the share of the recirculated air. The α values represent the various filters used in the air conditioning system, while θ describes the proportion of the recirculated air and λ the frequency of total air exchanges. The different source strengths S are assumed to be constant or linear over time.  is the volume of the cabin and ε the weakening coefficient. If, according to the EMC Checklists of the Airbus aircraft, the recirculation is stopped the portion of recirculated air θ changes to zero. As a result, the value of equations a, b1 and b2 increase which again causes the contaminant concentration over time to decrease faster.

In order to give a better understanding of the information gained through Lakies' work and the significance for the problem at hand, an example calculation is carried out below using the Excel tool provided by Lakies (2019a). The adapted Excel table can be found in Lakies 2019b.

Like Lakies already exemplary did in his Excel tool, a cabin volume of 470 m³ is assumed, which, according to Lakies (2019a), is equivalent to the volume of an Airbus A340-600. Since the focus of the consideration in connection with this Excel tool is on the effect of the recirculation share, the boundary conditions regarding applied filters and the air exchange rate are also not changed. The values given by Lakies are therefore applied. The portion of recirculated air θ is set to zero and the weakening coefficient is set to one, in accordance with Lakies (2019a) since the event is considered to “[take] place in the duct which delivers conditioned air to the mixing unit”(Lakies 2019a, p.38), which means that the value for ε needs to be set to 1-θ. In his exemplary calculation Lakies assumes TCP as contaminant and an internal source strength  of  per second. This value is based on an average TCP concentration of 100 ng / m³ in the cabin, which Lakies bases on findings in Schuchard 2017, De Boer 2015 and De Ree 2014. “[Also] the source strength associated with the air conditioning process [which] is assumed to be constant with a value of  [is adopted from Lakies]. In both cases no linear part exists, hence ”(Lakies 2019a, p. 60). Since the outside air is assumed to be clean, the values for  and  are zero. In his exemplary calculation Lakies chooses a random release pattern for the source strength of the contamination event, which can be seen in the following Table 4.2:

Table 4.2	Variable TCP source strengths, release pattern used by Lakies (2019a)
	Time interval
	 
	 

	s
	min
	kg/s
	kg/s²

	0
	0
	0
	0

	120
	2
	0
	 

	130
	2.16
	 
	0

	140
	2.33
	 
	 

	150
	2.5
	 
	0

	170
	2.83
	 
	 

	180
	3
	0
	0



In Section 7.2.2 of his elaboration, Lakies addresses the effects of a variation in the source strength on the TCP concentration in the cabin over time. The values of the various scenarios S0, S1A and S1B can be found in the Excel table for secondary events attached to Lakies (2019a) elaboration. As can be seen in Figures 4.31 and 4.32, a change in the source strength primarily causes a change in the concentration amplitude. The time it takes to clean up the cabin air changes just slightly.
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Figure 4.31	TCP source strengths related to secondary event at S0, S1A and S1B, Lakies 2019a
			TCP source strength released in duct system
	t		Time
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Figure 4.31	TCP concentration in the cabin at scenario S0 and variations S1A and S1B, Lakies 2019a
		TCP concentration in the aircraft cabin
	t		Time
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The pattern Lakies chose was randomly chosen which can make it harder to understand the key information indicated a short duration of the contamination event and a changing source strength over time. Considering an ongoing contamination source and a duration for the troubleshooting process, a simplified contamination pattern is chosen in Table 4.3.

Table 4.3	Variable source strengths, simplified release pattern
	Time interval
	 
	 

	s
	min
	kg/s
	kg/s²

	0
	0 
	0
	0

	600
	10
	 
	0

	1200
	20
	 
	0

	1201
	20
	0
	0



The resulting concentration graph is presented in Figure 4.33.


Figure 4.33	Concentration in the cabin
		Concentration in the aircraft cabin
	t		Time
	[image: ]	Concentration (recirculation: )
	   		Release pattern  = 500 ng/s from 10 min. to 20 min.

The results shown in Figure 4.33 show that even though the duration it takes for a complete clean-up of the cabin air is about 20 minutes, the most significant reduction of the concentration takes place in 5 minutes.

The delay in the thinning process caused by the complex geometry in the cabin cannot be compensated by switching of the aircraft systems. Furthermore, the oil vapors entering the cabin in the event of a CACE could stick on the surfaces in the air conditioning ducts or the ECS itself and thereby cause an ongoing smoke development in the cabin even if the source has already been determined. These findings show that even if the original source is isolated/eliminated, the smoke or fume in the cabin does not necessarily disappear in the usual two to three minutes it takes for an air exchange. In the worst case this delay in the thinning process could cause the pilot to falsely eliminate the source of the smoke development and thereby to turn the faulty bleed air supply back on. This risk can be minimized by lengthening the waiting time for assessing the change in the situation when switching a component on or off.

Another problem with CACEs due to fluid vapors in the bleed air in combination with the thinning effect arises from the circumstances already mentioned in Section 3.1. The human nose is only able to smell changes in fume concentrations and the perceived intensity is highly subjective for the human nose. As a result, the pilot could falsely get the impression that the reduced perceived intensity is caused by the successful elimination of the source. In order to respond reliably in adequate time, objective sensor data is necessary. 

One point that needs to be taken into account when it comes to reducing cabin air contamination is that the recirculation share has no influence on the initial contamination level entering the cabin in the event of bleed air contamination. The amount of air pushed into the mixing chamber is constant and not dependent on whether recirculated air is added or not. The recirculation leads to a higher flowrate into the cabin from the mixing chamber and a higher outflow out of the cabin, but just like the flowrate from the Packs into the mixing chamber, the outflow over board is not affected by the recirculation of the cabin air. If that is taken into account, as Scholz (2020b) has already done for the decay curve, the upswing curve can be derived in a simplified form.

The upswing curve basically corresponds to a step response. Thereby, in order to derive a simplified upswing curve, the same approach is used as that of Scholz (2020b). First the general ventilation equation (4.1) is considered. Like Scholz (2020b) for the decay curve , i.e. the concentration outside the aircraft, is assumed to be 0 at this point. This allows equation 4.1 to be rewritten as

		(4.9)

The definition for the air flow rate for the ventilation  is defined as in Scholz (2020b):

	   ,	(4.10)

as well as the ventilation efficiency η:

	   .	(4.11)

Taking into account equations 4.10 and 4.11, Equation 4.9 can then be rewritten to

	   , or	(4.12)

	   .	(4.13)

Transferring equation 4.13 to the Laplace domain, the following equation results:

		(4.14)

The transfer function  results from the output function  divided by the input function , i.e. the concentration  divided by the source strength :

		(4.15)

Transforming the transfer function back into the time domain gives the equation

	   .	(4.16)

If the ventilation efficiency is assumed as , as well as the maximum contamination level , the following Table 4.4 and the graph in Figure 4.34 can be concluded.

Table 4.4	Relative concentration development for a ventilation efficiency of  = 1 over
relative time
	
	0.1
	1/3
	1/2
	1
	2
	3
	4
	5

	
	9.52%
	28.35%
	39.35%
	63.21%
	86.47%
	95.00%
	98.17%
	99.33%




Figure 4.34	Relative concentration development for a ventilation efficiency of  = 1 over
relative time

The derived equation 4.16 can be used in combination with the equation 4.2 developed by Scholz (2020b) for a simplified description of a contaminant concentration curve. This simplification can only be used if the contaminants are not caught or impaired by filters in the recirculation or the duct system.

Using Scholz's (2020b) simplified approach, as can be seen in Figure 4.30, the duration for cleaning the cabin air, with the elimination of the source of contamination, of 5 air changes results. Based on the legal ventilation strength per pax (Scholz 2020d) of

	   ,	(4.17)

as well as a maximum number of passengers of 297 pax (Lufthansa 2021) for the Airbus A340-600, with its ventilated cabin volume of (Scholz 2021), i.e. the combined volume of the cockpit, the cabin , and the cargo compartment the time it takes for a complete cleanup of the cabin air  can be calculated as follows:

		(4.18)

		(4.19)

		(4.20)

Taking this into account, the need for a sensory monitoring system for the air conditioning system becomes even clearer. A corresponding sensor system could detect a drop in the contamination level much faster than a human would be able to.





5	Descending to FL100, Minimum Obstacle Clearance, MEA

In case that smoke development represents the greatest danger, steps must be taken to remove smoke and fumes, as already mentioned in Chapter 4. Exemplary the corresponding checklist for the Airbus A320 is shown in Figures 5.1 and 5.2.
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Figure 5.1	Smoke/fumes removal,
Airbus A320,
Smart Cockpit 2020a

	[image: ]
Figure 5.2	Smoke/fumes removal,
Airbus A340,
Smart Cockpit 2020b



First the emergency exit lights are switched on. If there are fluid vapors in the cabin, the cabin fans are switched on and Packs 1 and 2 are switched off. This way, the bleed air supply is stopped, and the cabin is only supplied with air via recirculation from the mixing chamber. If there are no fuel vapors in the cabin, the cabin fans are deactivated and the Pack flow is set to HI, i.e. the maximum flow rate. The cabin is thus still supplied with bleed air and the recirculation is stopped. The descent to FL100, minimum obstacle clearance altitude, or MEA is then initiated, and air traffic control is to be informed. If smoke or fumes from the avionics compartment is suspected, the corresponding steps of the SMOKE / FUMES AVNCS SMOKE procedure must continue to be carried out during the descent. Arrived at FL100, minimum obstacle clearance altitude or MEA, the bleed air supply is first stopped by switching off the two packs. Then the MODE SEL switch is switched to manual, the MAN V/S CTL switch to FULL UP and finally by setting the RAM AIR switch to on the cabin is flooded with ram air. In case that even then the smoke persists, cockpit window can be opened at a maximum speed of 200kt, whilst therefore the Headsets must be set on. When the cockpit window is open, the non-affected packs can be switched on again. It is then necessary to monitor visual warnings and, if smoke from the avionics compartment is suspected, to continue to follow the procedure for SMOKE/FUMES/AVNCS SMOKE.

Considering the given checklists for smoke and fumes removal, the question arises, when a descend to 10000 ft, MEA, or minimum obstacle clearance is beneficial and allowed. To answer this question, it is first necessary to provide an overview of the legal and safety-relevant aviation guidelines for the cruising altitude. This is followed by an overview of the technical and aerodynamic relationships between the aircraft systems, the flight performance, and the cruising altitude. Finally, the corresponding results are evaluated to give an objective and problem-related statement as to what extend a decrease is beneficial in the event of a CACE.



5.1	Legal and Safety-Relevant Aviation Guidelines for the Cruising Altitude

In order to protect persons and property the ICAO international standards provide a set of general rules for the minimum heights:

“Except when necessary for take-off or landing, or except by permission from the appropriate authority, aircraft shall not be flown over the congested areas of cities, towns or settlements or over an open-air assembly of persons, unless at such a height as will permit, in the event of an emergency arising, a landing to be made without undue hazard to persons or property on the surface”
(ICAO 2005, page 24, section 3.1.2).

That means, specifically for VFR flights:

“Except when necessary for take-off or landing, or except by permission from the appropriate authority, a VFR flight shall not be flown: a) over the congested areas of cities, towns or settlements or over an open-air assembly of persons at a height less than 300 m (1000 ft) above the highest obstacle within a radius of 600 m from the aircraft; b) elsewhere than as specified in 4.6 a), at a height less than 150 m (500 ft) above the ground or water”(ICAO 2005, page 34, section 4.6).

In case of a IFR flight, the rules are:

“Except when necessary for take-off or landing, or except when specifically authorized by the appropriate authority, an IFR flight shall be flown at a level which is not below the minimum flight altitude established by the State whose territory is overflown, or, where no such minimum flight altitude has been established: a) over high terrain or in mountainous areas, at a level which is at least 600 m (2000 ft) above the highest obstacle located within 8 km of the estimated position of the aircraft; b) elsewhere than as specified in a), at a level which is at least 300 m (1000 ft) above the highest obstacle located within 8 km of the estimated position of the aircraft”
(ICAO 2005, page 36, section 5.1.2).

Except for areas with high mountains dropping to 10000 ft will most likely not violate these general rules for minimum heights, and even then, could be permitted by air traffic control.

“Nothing in these rules shall relieve the pilot-in-command of an aircraft from the responsibility of taking such action, including collision avoidance manoeuvres based on resolution advisories provided by ACAS equipment, as will best avert collision”(ICAO 2005, page 25, section 3.2).

Despite this basic rule of collision avoidance and the avoidance rule that "an aircraft that is aware that another is compelled to land shall give way to that aircraft" (ICAO 2005, page 25, section 3.2.2.5.3), it is nevertheless essential to inform the air traffic control of the intention to descent to 10000 ft or, using the Boeing EMC checklist, to 9500 ft. This is the only way to ensure that the area is cleared, and the descending is safe. When air traffic control is informed, descending to 10000 ft or even 9500 ft will violate no rule and is therefore allowed in case of emergency.



5.2	Technical and Performance Relevant Aspects

Despite the legal aspects of descending to 10000 ft or below, the question remains whether the descend is beneficial in terms of flight performance and technical aspects. In principle, if the smoke poses too great a health risk and the cause of the smoke development cannot be found, or smoke is suspected from the air conditioning system, the Packs suspected to be the source are deactivated in accordance with the EMC checklists previously examined. In order to ensure a sufficient supply of fresh air, it is necessary to lead air from the environment directly into the cabin. With both Packs deactivated and the recirculation turned off the only possibility to achieve this is via ram air. In the troposphere, air pressure decreases with altitude, while the proportion of oxygen remains constant at 21%. For most people, the body is used to the air pressure at MSL, i.e. to an oxygen partial pressure of about 213 hPa. If the partial pressure of oxygen becomes too low, the pressure difference causes the oxygen to no longer reach the bloodstream in sufficient quantities from the lungs. Up to about 8000 ft, the partial pressure of oxygen is so high that no noticeable physiological changes occur. Between 8000 ft and 12000 ft, the body can usually fully compensate for the falling oxygen partial pressure (see Crown 1973). Above 10000 ft the body is only able to compensate incompletely, a drop in performance and hypoxia can occur (See SKYbrary 2019b). In cruise condition the cabin is pressurized to maintain a cabin altitude of 8000 ft and thereby the necessary partial oxygen pressure. When switching the air supply for the cabin to ram air the cabin pressure adapts to the pressure outside the aircraft. Since, in order to maintain the health condition of the passengers, the cabin altitude needs to maintain under 10000 ft, the altitude must also be changed to 10000 ft or below. As a result of these basic requirements for the fresh air supply, a descend to 10000 ft is necessary precisely when the air supply is no longer guaranteed by the two packs and recirculation, or the amount of smoke in the cabin reaches a critical level and cannot be eliminated by the extraction valves alone. If one of these cases occurs, there is no suitable alternative to descending to 10000 ft, as adequate air supply is not optional but mandatory.

One of the safety-relevant aspects when descending to FL100 is the resulting change in range. When the flight altitude changes, numerous other parameters such as air temperature and density change. As a result, the range of the aircraft also changes. This discrepancy needs to be examined to determine whether the range is still sufficient for safely reaching an airport. In order to calculate the range or specific fuel consumption of an aircraft, Breguet's range formula is usually used, with  being the range,  the lift-to-drag ratio,  the cruise speed,  the mass and  the specific fuel consumption.

		(5.1)

In his lecture, Scholz (2017) presents a mathematical approach for calculating the range loss when descending from cruising altitude to 10000 ft based on this range formula. He does not start from specific numerical examples or a certain cruising altitude, but rather sets the range at 10000 ft in relation to the range at a general cruising altitude. To ensure this, the assumption is made that the lift-to-drag ratio , as well as the gravitational acceleration  and the mass ratio  remain constant. This results in the relation equation:

		(5.2)

Considering the equation for the specific fuel consumption:

		(5.3)

with

		(5.4)

and

	   ,	(5.5)

as well as

	   ,	(5.6)

with the Mach number , and the speed of sound , equation 5.2 can be written as:

		(5.7)

Since the lift  is considered to be constant, as well as the planform wing area  and the lift coefficient , the equation

	   ,	(5.8)

can be written as the relation equation

	   .	(5.9)

Combining equation 5.6 and 5.9, as well as the equation for the speed of sound

	   ,	(5.10)

the relation equation for the Mach number can be written as

		(5.11)

Already known are the density and speed of sound at 10000ft

	   and	(5.12)
	   ,	(5.13)

as well as the temperature and speed of sound at mean sea level

	   and	(5.14)
	   .	(5.15)

The ratios of the range (5.7), speed (5.9) and Mach number (5.11) can then be represented graphically as a function of the flight altitude (see Scholz 2017, p.63). The diagram created by Scholz (2017) is shown in the following Figure 5.3. The range ratio was calculated with a Mach number at cruising altitude of .
[image: ]
Figure 5.3	Ratio of Cruise Speed, Mach Number and Range, Scholz 2017

Since the reduction in resistance by lowering the Mach number to 10000 ft is not taken into account, the equation does not provide exact values, but the deviation is sufficiently small for a rough estimate of the range reduction. The equations and the diagram by Scholz (2017) show a reduction in range of around 20% despite the reduced speed / Mach number.

Besides the mathematical approach, there is also another way to analyze the range change depending on the flight altitude. The following Tables 5.1 to 5.3 show tables in which the maximum cruise thrust limits under ISA conditions are listed depending on weight and flight level.


Table 5.1	Max. Cruise Thrust Limits, Airbus A330, Scholz 2020c
[image: ]


Table 5.2	Max. Cruise Thrust Limits, Airbus A340, Scholz 2020c
[image: ]


Table 5.3	Max. Cruise Thrust Limits, Airbus A350, Scholz 2020c
[image: ]

The tables show both the true air speed and the fuel consumption at max. cruise thrust limit. Both these values and the possible miles per ton of fuel also listed in the tables show a considerable difference in the range depending on the flight altitude. In the following Tables 5.4 to 5.6 the possible miles per ton of fuel are extracted from Tables 5.1 to 5.3 and listed together with the respective percentage deviation from the value of the next higher flight level, with the weight remaining the same.



Table 5.4	NM per ton fuel, Airbus A330, based on Table 5.1
	MAX. CRUISE THRUST LIMITS
NORMAL AIR CONDITIONING
ANTI-ICING OFF
	ISA
CG=30.0%
	NM/1000kg
DEVIATION TO NEXT FL (%)

	Weight
(1000kg)
	FL100
	FL120
	FL140
	FL160
	FL180
	FL200
	FL220
	FL240

	130
	65.2
	68.2
	71.4
	74.4
	78.1
	81.6
	85
	88.3

	
	4
	4
	4
	5
	4
	4
	4
	0

	140
	63.4
	66.3
	69.4
	72.5
	75.7
	78.8
	81.9
	85

	
	4
	4
	4
	4
	4
	4
	4
	0

	150
	61.8
	64.6
	67.5
	70.4
	73.4
	76.2
	79.1
	82

	
	4
	4
	4
	4
	4
	4
	4
	0

	160
	60.3
	63
	65.7
	68.4
	71.1
	73.7
	76.4
	79.2

	
	4
	4
	4
	4
	4
	4
	4
	0

	170
	58.9
	61.4
	64
	66.5
	69
	71.5
	74
	77.1

	
	4
	4
	4
	4
	3
	3
	4
	0

	180
	57.6
	59.9
	62.3
	64.6
	67
	69.3
	72
	75.1

	
	4
	4
	4
	4
	3
	4
	4
	0

	190
	56.3
	58.5
	60.7
	62.9
	65.1
	67.3
	70.3
	73.1

	
	4
	4
	3
	3
	3
	4
	4
	0

	200
	55
	57.1
	59.2
	61.2
	63.3
	65.8
	68.5
	70.8

	
	4
	4
	3
	3
	4
	4
	3
	0

	210
	53.8
	55.7
	57.7
	59.7
	61.7
	64.3
	66.8
	68.5

	
	3
	3
	3
	3
	4
	4
	2
	0

	220
	52.6
	54.4
	56.3
	58.1
	60.5
	62.9
	64.8
	66.7

	
	3
	3
	3
	4
	4
	3
	3
	0

	230
	51.4
	53.2
	54.9
	56.9
	59.2
	61.4
	62.8
	64.9

	
	3
	3
	4
	4
	4
	2
	3
	0

	240
	50.3
	52
	53.7
	55.8
	57.9
	59.7
	61.4
	63

	
	3
	3
	4
	4
	3
	3
	3
	0





Table 5.5	NM per ton fuel, Airbus A340, based on Table 5.2
	MAX. CRUISE THRUST LIMITS
NORMAL AIR CONDITIONING
ANTI-ICING OFF
	ISA
CG=30.0%
	NM/1000kg
DEVIATION TO NEXT FL (%)

	Weight
(1000kg)
	FL100
	FL120
	FL140
	FL160
	FL180
	FL200
	FL220
	FL240

	130
	62.7
	65.2
	67.8
	70.4
	73.4
	76.7
	79.9
	82.7

	
	4
	4
	4
	4
	4
	4
	3
	0

	140
	60.7
	63.1
	65.5
	68.1
	71.1
	74
	76.7
	79

	
	4
	4
	4
	4
	4
	4
	3
	0

	150
	58.8
	61
	63.4
	66.1
	68.8
	71.4
	73.6
	76.2

	
	4
	4
	4
	4
	4
	3
	3
	0

	160
	57
	59.2
	61.7
	64.2
	66.7
	68.8
	71.1
	73.5

	
	4
	4
	4
	4
	3
	3
	3
	0

	170
	55.4
	57.6
	60
	62.4
	64.4
	66.6
	68.8
	71.4

	
	4
	4
	4
	3
	3
	3
	4
	0

	180
	54
	56.2
	58.4
	60.5
	62.5
	64.6
	66.9
	69.2

	
	4
	4
	3
	3
	3
	3
	3
	0

	190
	52.7
	54.9
	56.9
	58.8
	60.7
	62.8
	65.1
	67.2

	
	4
	4
	3
	3
	3
	4
	3
	0

	200
	51.6
	53.6
	55.4
	57.2
	59.1
	61.2
	63.2
	65.2

	
	4
	3
	3
	3
	3
	3
	3
	0

	210
	50.5
	52.3
	54
	55.8
	57.6
	59.6
	61.6
	63.5

	
	3
	3
	3
	3
	3
	3
	3
	0

	220
	49.4
	51
	52.6
	54.4
	56.3
	58.2
	59.9
	61.9

	
	3
	3
	3
	3
	3
	3
	3
	0

	230
	48.3
	49.8
	51.5
	53.2
	55
	56.8
	58.5
	60.5

	
	3
	3
	3
	3
	3
	3
	3
	0

	240
	47.2
	48.7
	50.3
	52.1
	53.8
	55.3
	57.1
	59

	
	3
	3
	3
	3
	3
	3
	3
	0

	250
	46.3
	47.7
	49.3
	50.9
	52.7
	54.1
	55.9
	57.6

	
	3
	3
	3
	3
	3
	3
	3
	0

	260
	45.5
	46.8
	48.3
	50
	51.7
	53.1
	54.6
	56.2

	
	3
	3
	3
	3
	3
	3
	3
	0





Table 5.6	NM per ton fuel, Airbus A350, based on Table 5.3
	MAX. CRUISE THRUST LIMITS
NORMAL AIR CONDITIONING
ANTI-ICING OFF
	ISA
CG=30.0%
	NM/1000kg
DEVIATION TO NEXT FL (%)

	Weight
(1000kg)
	FL100
	FL130
	FL150
	FL170
	FL190
	FL210
	FL230
	FL250

	130
	65.4
	69.7
	72.9
	76.5
	81
	85.5
	90
	94

	
	6
	4
	5
	6
	5
	5
	4
	0

	150
	62.4
	66.5
	70.4
	74.1
	78
	81.5
	84.8
	88.5

	
	6
	6
	5
	5
	4
	4
	4
	0

	170
	59.8
	64.8
	68.1
	71.4
	74.3
	77.2
	80.4
	83

	
	8
	5
	5
	4
	4
	4
	3
	0

	190
	58.5
	62.8
	65.7
	68.1
	70.8
	73.4
	75.8
	78.6

	
	7
	4
	4
	4
	4
	3
	4
	0

	210
	56.9
	60.6
	62.8
	65.2
	67.4
	69.6
	72.1
	74.2

	
	6
	4
	4
	3
	3
	3
	3
	0

	230
	55.3
	58.1
	60.3
	62.3
	64.3
	66.5
	68.4
	70.6

	
	5
	4
	3
	3
	3
	3
	3
	0

	250
	53.2
	56
	57.8
	59.6
	61.6
	63.4
	65.3
	67.2

	
	5
	3
	3
	3
	3
	3
	3
	0

	270
	51.3
	53.9
	55.5
	57.4
	59
	60.7
	62.4
	63.5

	
	5
	3
	3
	3
	3
	3
	2
	0



The evaluation of the miles per ton of fuel shows an average quasi-linear decrease per 2000 ft of altitude loss of approximately 4%, or 2% per 1000 ft for an aircraft mass between130 t and 210 t and a loss of approximately 3% per 2000 ft of altitude loss, or 1.5% per 1000 ft for an aircraft mass of more than 210 t. If, for example, the aircraft descends from FL390 to FL100 with a mass of 130 t, this means a loss of range of around

	   .	(5.16)

Even if the range under "max. Cruise" condition is reduced by 48% when descending to 10000 ft, it should be noted that flights in commercial aviation usually operate under different conditions. Flights in commercial air travel are designed for maximum economic efficiency. According to the saying "time is money", the aim is to achieve an economically optimal balance between duration and consumption. This means that a higher consumption and a correspondingly larger amount of fuel is planned as standard. In order to be able to make a reasonable assumption about the change in range, it is necessary to compare the existing consumption values from the tables with those under normal commercial conditions. To ensure this, the payload range diagram provided by Airbus (2020) is analyzed using the example of the Airbus A340 in Figure 5.4.

[image: ]
Figure 5.4	Payload Range Diagram, A340-300, Airbus 2020

In order to obtain a value for the range per ton of fuel consumed from the payload range diagram, the range between "maximum zero fuel weight" and "maximum fuel tank capacity" must be considered in accordance with Figure 5.5, because the curve shown in this area represents the change in range depending on the amount of fuel.

[image: ]
Figure 5.5	Payload Range Diagram, Lukaczyk 2016

Figure 5.4 shows that the range is reduced from 7400 NM to 4950 NM with a payload change from 112000 pounds (lb) to 50000 lb, which is equivalent to a fuel mass reduction of 62000 (lb). That means a range of 39.5 NM per 1000 lb fuel, i.e. 87.1 NM per ton fuel, with

	   .	(5.17)

In order to compare the values from the payload range diagram with Table 5.2, it is still necessary to determine the mass under consideration. For this purpose, the data for the Airbus A340-300 are the maximum take-off mass ()

	   ,	(5.18)

and the maximum landing mass ()

	   .	(5.19)

These values give the average flight mass () of

		(5.20)

Assuming a cruising altitude of around 39000 ft and extrapolating the values of the range per ton of fuel consumed from the A340's performance table (Table 5.2) for a mass of 230 t, the result is the following specific air range (SAR) per ton of fuel consumed:

		(5.21)

This extrapolated value results in a specific air range difference to the SAR value concluded from the payload range diagram of

	   ,	(5.22)

which means a range reduction from the payload range diagram to the table value of

	   .	(5.23)

If the loss of range according to Table 5.2 when descending to 10000 ft, i.e.

	   ,	(5.24)

is combined with the loss of range by adjusting the cruising speed, etc., i.e. the configuration change from the one considered in the payload range diagram as normal operation to the one considered in the Tables 5.1 to 5.6, the change of range is about

	   ,	(5.25)

which is by far more than the mathematical approach provided by Scholz (2017). The high difference can result from various factors not considered in the empiric approach when combining the payload range diagram with the tables. For example, the change of range over the height might not be completely linear. Furthermore, the calculated reduced Mach number at 10000 ft in Scholz (2017) is

	   ,	(5.26)

while the Mach number at 10000 ft in Table 5.2 for a mass of 230 t is considered to be 0.548, i.e. a difference in the Mach number between the mathematical approach by Scholz (2017) and the payload range diagram in combination with Table 5.2 of

		(5.27)
The greater reduced Mach number in the mathematical approach probably has a great share on the difference of the SAR per ton fuel consumed.

Another aspect, which compensates for the loss of range or makes it negligible, results from the requirements for fuel planning based on the schedule for a "rapid decompression of the cabin". When a flight is planned, the required fuel is calculated as precisely as possible to avoid unnecessary additional weight. Nevertheless, there are some legal fuel reserves taking the event of a rapid decompression of the aircraft cabin into account. In that case an emergency descent to 10000 ft is necessary in order to provide the passengers oxygen supply, i.e. the necessary partial oxygen pressure. Most flights over land don’t require extra fuel in order to guarantee a safe landing on the nearest airport, despite the increased fuel consumption, since in most cases there is a variety of possible alternate destination airports in a suitable range. Yet there are flights without any alternate airports, like the flight from LA International Airport (LAX) to Honolulu International Airport (HNL) whose route can be seen in the following Figure 5.6.

[image: ]
Figure 5.6	Flight Route LAX – HNL, GCM 2021

According to the pilot Juan Brown (2019), who also got an airframe and powerplant mechanic license, the route from the united states’ west coast to Hawaii represents “one of the longest single routes without a suitable alternate airport” (Browne 2019), and therefore a suitable example for flights where the fuel planning, considering the emergency descent situation, must be accomplished without the possibility to deviate from the start or destination airport, i.e. enough fuel to safely reach either the start or destination airport from any point on the flight rout at an altitude of 10000 ft. In order to do so, the “equal time point” (ETP) is taken as critical point (CP). The ETP is not the point of equal distance, but the point on the flight route where the flight duration towards the start and destination airport is equal, taking the winds into account. The online repository SKYbrary (2017) defines the CP / ETP as follows:

“The Critical Point (CP), or Equal Time Point (ETP), is when an aircraft is the same flying time from 2 potential en-route diversions.” (SKYbrary 2017)

This point is considered to be the point of no return and can be calculated as shown in the following Figure 5.7.

[image: ]
Figure 5.7	Algebraic method for calculating Critical Point/Equal Tim Point, SKYbrary 2017

For every flight on that route the fuel is calculated for this scenario, that the aircraft descends to 10000 ft at that ETP and can still land safely at the airport. Since at any other point on the route the remaining flight duration is smaller, these fuel calculations ensure a safe landing at either the start or destination airport, when descending to 10000 ft at any time on the flight. The relevant guidelines for fuel planning for a flight can be found in Section 4.3.6 of ICAO (2010) Annex 6. The “Fuel requirements” in section 4.3.6 state that “An aeroplane shall carry a sufficient amount of usable fuel to complete the planned flight safely and to allow for deviations from the planned operation” (ICAO 2010, p.59). As section 4.3.6.3 states, “The pre-flight calculation of usable fuel required shall include”(ICAO 2010, p.60):

f)	additional fuel, which shall be the supplementary amount of fuel required if the minimum fuel calculated in accordance with 4.3.6.3 b), c), d) and e) is not sufficient to:
	1)	allow the aeroplane to descend as necessary and proceed to an alternate aerodrome in the event of engine failure or loss of pressurization, whichever requires the greater amount of fuel based on the assumption that such a failure occurs at the most critical point along the route;
		i)	fly for 15 minutes at holding speed at 450 m (1 500 ft) above aerodrome elevation in standard conditions; and
		ii)	make an approach and landing;
(ICAO 2010, p.61)

Since the descend to 10000 ft is mandatory in the event of a rapid loss of pressure and this emergency situation is taken into account in the regulations of the ICAO (2010) for fuel planning, the descend to 10000 ft in the case of a CACE is also taken into account in the fuel planning and accordingly despite increased fuel consumption possible.

In spite of the fact that a descent to 10000 ft can in principle be carried out, this is not always done in the event of smoke development in the cabin. This is primarily because as you descend to 10000 ft, the speed must be reduced. If a fire on board is assumed, or at least this cannot be ruled out, a landing as quickly as possible is desired; however, the landing would be delayed by descending. Although the approach of wanting to land as soon as possible is understandable, in the event that a fire can be ruled out by logical conclusions, or is at least unlikely, the descent to 10000 ft should be carried out to minimize serious damage to the health of the crew and passengers. One example for a situation where a descent was not initiated is the US Airways Flight 432 from September 17, 2010 whose flight route is shown in the following Figure 5.8.

[image: US 432 diversion]
Figure 5.8	US Airways Flight 432 Diversion Flight Route, GCM 2010

“On Friday 17 September, US Airways flight 432 from Phoenix to Kahulua (Maui), operated in a Boeing 757-2G7 (N908AW, SN 24233 / LN 244, which once wore a special "Arizona Cardinals" livery), had been enroute a little over 3.5 hours when the crew reported smoke in the cockpit and elected to make a precautionary diversion to San Francisco.” (GCM 2010)

On October 11, 2010 a video of the flight was published on YouTube (2010). This video was apparently posted by a passenger who wrote in the description:

“Our plane was about two hours out over the Pacific Ocean headed for Maui when a thick smoke started to fill the cabin of our plane. There was a burning smell, but flight staff crew couldn't figure out where the smoke was coming from. Since we weren't to the half way[sic] mark we had to turn the plane around and fly back two hours and land in San Francisco. For two hours we had to fly with the smoke and the fire alarms going off in the cabin.” (YouTube 2010)

Instead of staying at the regular altitude, the altitude could have been reduced to 10000 ft and the smoke removed. After a few minutes, the conclusion could have been made that a fire is unlikely since a fire would probably have already become visible. In that case, a flight over 2 hours with permanent smoke exposure could have been prevented.



6	Schedule to Determine the Reason for a CACE

Based on the existing EMC checklists of the OEMs and airlines from Section 4, as well as the knowledge of the functionality and structure of the individual aircraft systems, a basic flow chart can be elaborated which can be used for the troubleshooting process in a CACE. In terms of scope and efficiency, this schedule is fundamentally dependent on whether or not sensor monitoring of the bleed air system is implemented.



6.1	Sensory Monitoring in Accordance with Section 3.5.2

In the event that sensor monitoring is implemented in accordance with Section 3.5.2, a long troubleshooting process is usually not necessary since the sensor system can automatically indicate the location of the faulty measurement in the event of a detection. For example, if the sensor on the bleed air supply of Engine 1 is triggered, it is automatically clear that this bleed air supply must be switched off. The problem can thus be directly localized and eliminated.



6.2	Sensory Monitoring in Cabin and Cockpit / No Sensory Monitoring

The fewer sensors are used, the longer and less precise the troubleshooting process becomes. If no sensors are used at all, there is the aforementioned problem of subjective odor perception. As a result, in a troubleshooting process that is based on systematic switching of the system components, on the one hand you have to wait longer to ensure that the odor subsides, and on the other hand there is a higher risk of a misdiagnosis if one starts to get used to the odor. Both in the event that sensory monitoring is implemented in the cabin and the cockpit as well as in the event that no sensors are used at all, the schedule for the systematic switching of the system components is the same.

The EMC checklist for elimination of odors in the cabin provided by the airline Frontier was evaluated in Chapter 4.4. The basic approach of paying attention to which area of the aircraft is primarily affected makes sense for a quick determination. In some Boeing aircraft, the front cabin area and the cockpit are mainly supplied with fresh air via Pack 1, while the rear cabin area is primarily supplied via Pack 2. The problem with the EMC checklist from Frontier is that, although it can be determined more quickly which pack is affected, contamination in the bleed air before entering the packs cannot be assigned to a source when both packs are fed from the same source. In order to circumvent this problem i.e. to be able to determine a contamination in the bleed air supply of an individual engine, it is necessary to close the cross-bleed valve. As already described in the previous chapters, this happens automatically when the APU bleed air supply is stopped. In this case, each pack is only fed by the bleed air supply of a single engine. If then a difference in concentration between the front and rear cabin area is detected, the problem can be traced back to exactly one Pack or Engine. Although the APU is usually turned off in normal operation condition, it should be explicitly pointed out, in order to prevent possible misinterpretations.

When the recirculation of the cabin air is stopped, and the cross-bleed valve is closed the development of contamination in the cabin and the cockpit must be checked for any changes. In accordance with Section 4.5, depending on whether sensory monitoring is implemented, a wait of up to 9 minutes is required to prevent incorrect assessments and to take the delayed thinning effect into account. If sensory monitoring is implemented, as Figure 4.28 already shows, the waiting time needed to record a significant drop in the contaminant concentration if the source has been successfully identified and isolated can be greatly reduced. If no sensor data is available that can confirm a possible decrease in the contaminant concentration, the time for checking for a change in the concentration must be extended accordingly. Based on the findings of this thesis, in addition to the thinning effect, the weakening of the odor perception of the human nose must be taken into account. A waiting time of at least 5 minutes should therefore be considered.

If a change in the contaminant concentration can be recognized in either the front or rear area of the aircraft, the corresponding Pack and bleed air supply for the area where the concentration remains high must then be turned off. Afterwards, when a decrease in the concentration in both areas of the aircraft is confirmed, the APU bleed air supply can be reactivated, which also causes the cross-bleed valve to open again. As a result, all areas of the aircraft are supplied sufficiently by the remaining Pack and bleed air supply, as well as the APU bleed air supply. The malfunctioning Pack and bleed air supply must remain deactivated for the remaining flight.

In case that a decrease in the contaminant concentration cannot be recognized, neither in the front nor the rear area of the aircraft, the only option remaining is the descent to 10000 ft or bellow. In that case, as explained in Section 5.2, it must be checked whether it is still possible to safely reach the destination airport or an alternative airport despite the reduced range. If possible, the descent can be proceeded. As long as a safe arrival cannot be guaranteed due to the reduced range, the current flight altitude must be maintained.





6.3	Applicable Checklist for CACEs

For a better overview and to provide an applicable checklist, the schedules elaborated in Sections 6.1 and 6.2 are shown below in the style of the EMC checklists analyzed previously, including some of their steps which are not mentioned under 6.1 and 6.2 mainly taken from the EMC Checklist for smoke in cabin from the Airbus A330/A340 (see Figure 4.2).

If deems necessary................................................LAND ASAP

VENT EXTRACT...........................................................OVRD
CAB FANS................................................................OFF
GALLEY..................................................................OFF
SIGNS....................................................................ON
CKPT/CABIN COM....................................................ESTABLISH

If required:
   Oxygen masks.....................................................ON/100%
If identified:
   FAULTY EQUIPT....................................................ISOLATE

---------------------------------------------------------------------------
If DENSE SMOKE, at any time of the procedure:
   DESCENT for smoke removal.......................................INITIATE
   SMOKE/TOXIC FUMES REMOVAL..........................................APPLY
   ELEC EMER CONFIG................................................CONSIDER
---------------------------------------------------------------------------

If AIR COND SMOKE SUSPECTED:
   APU BLEED............................................................OFF
   CROSS-BLEED VALVE..................................................CLOSE
   CHECK FOR SMOKE/FUME DISSIPATION...................................APPLY

   If SMOKE/FUME in AFT CABIN OR BOTH CABIN and CKPT PERSISTS:
      PACK 2............................................................OFF
      WAIT up to 9 MINUTES.................................................
      If SMOKE/FUME PERSISTS:
         PACK 2..........................................................ON
         APU BLEED.....................................................AUTO
         PROCEDURE “If SMOKE/FUME in FWD CABIN/CKPT PERSISTS”.........APPLY
      If SMOKE/FUME DISSIPATES:
         VENT EXTRACT..................................................AUTO
         CAB FANS......................................................AUTO
         Maintain PACK and BLEED AIR configuration and monitor AIR COND 
         system

   If SMOKE/FUME in FWD CABIN/CKPT PERSISTS:
      PACK 1............................................................OFF
      WAIT up to 9 MINUTES.................................................
      If SMOKE/FUME PERSISTS:
         PACK 1 and 2..................................................AUTO
         APU BLEED.....................................................AUTO
         PROCEDURE for DENSE SMOKE....................................APPLY
      If SMOKE/FUME DISSIPATES:
         VENT EXTRACT..................................................AUTO
         CAB FANS......................................................AUTO
         Maintain PACK and BLEED AIR configuration and monitor AIR COND
         system
If the sensory monitoring is implemented as suggested in Section 3.3.2, the faulty equipment can instantly be identified. Thereby the EMC Checklist for CACEs can be narrowed down to the following:

If deems necessary................................................LAND ASAP

VENT EXTRACT...........................................................OVRD
CAB FANS................................................................OFF
GALLEY..................................................................OFF
SIGNS....................................................................ON
CKPT/CABIN COM....................................................ESTABLISH

If required:
   Oxygen masks.....................................................ON/100%
If identified:
   FAULTY EQUIPT....................................................ISOLATE

---------------------------------------------------------------------------
If DENSE SMOKE, at any time of the procedure:
   DESCENT for smoke removal.......................................INITIATE
   SMOKE/TOXIC FUMES REMOVAL..........................................APPLY
   ELEC EMER CONFIG................................................CONSIDER
---------------------------------------------------------------------------





7	Discussion

As the results of the research in Section 2 show, although efforts are already being made to use filters to prevent or minimize the occurrence and effects of CACEs, the results of the research also show that sensory monitoring of the cabin air and its supply components has not yet been implemented (see Section 3). Although sensor-based monitoring is not yet used in series production in civil aviation, research is being conducted and appropriate sensor systems developed. The company PALL Aerospace with its Pure Cabin Technology is already well advanced in its development and is already conducting field tests (see Mlcak 2019). Currently the cabin air quality sensor developed by PALL Aerospace is placed in front of the ECS duct outlets in the cabin, but it is already planned to place more sensors in the bleed air supply to determine the cause of a CACE as soon as possible. It is evident that different approaches to sensory monitoring are possible, the cost of which depend strongly on their respective precision and the extent of implementation. Although cost-intensive, there is no doubt that with increasing scope of sensory monitoring, the time needed to detect a CACE decreases and thus contributes significantly to the safety of passengers and crew. Furthermore, the research in the course of this work leads to the conclusion that, due to the highly subjective perceptive capacity of humans for a CACE, the introduction of sensors for monitoring the cabin air, to ensure safety, is not only helpful but highly necessary.

Not only the manufacturers but also the responsible authorities seem to have a controversial point of view. As already shown, the need for sensors to monitor the air conditioning system has been indirectly included in aviation regulations for years (see FAA 2021). Despite everything, such sensory monitoring has not yet been mandatorily implemented. For example, the German Aviation Authority Luftfahrt-Bundesamt (LBA) writes in its 2017 safety report that, depending on the concentration of certain substances, inhaling these compounds poses a health risk and that therefore a special regulatory focus lies on the monitoring of the air quality in aircraft (See LBA 2017, p.21). At the same time, in the following sections of the same safety report, the incidents and the number of cases are played down, which makes the matter less urgent (see LBA 2017, p.21-22). These contradicting statements could lead to the fallacy that the occurrence of CACEs represents a tolerable security gap due to its rarity. That would mean in return that safety is an option. – It is not!

Checklists already exist which take a CACE into account. However, the analysis of some representative checklists shows that although some of these checklists offer a good approach, they are still insufficient to guarantee a target-oriented troubleshooting, especially because of the lack of data as well as insufficient training of the flight crews for the case of a CACE, which can be concluded from the measures applied in already mentioned flights, like the US Airways Flight 432 (GCM 2010).

Apart from the basic problem of source identification, this thesis also deals with the descending measure provided in the EMC checklists, which is applied in case of excessive smoke development or in the event that the identification of the source is not possible. It is shown that a descent is necessary in case of a complete failure of the air conditioning system or in case of excessive smoke emission and the resulting health hazard. While it is clear that a descend to 10000 ft is undesirable as long as a fire has not been ruled out, given the speed at which a fire would usually spread on an airplane, after a few minutes of troubleshooting it can be assumed that a fire is rather unlikely and the descend to 10000 ft should be carried out. This way, critical health effects can be minimized.

Although the results of this elaboration clearly show the need for sensory monitoring of the air conditioning system in order to avoid and combat CACEs, this thesis also provides a revised version of an applicable EMC checklist, which pilots can use as a guideline on how to proceed with CACEs. This elaborated checklist mainly relates to the situation that there is no sensory monitoring of the air-conditioning system is implemented or only in the cabin and cockpit, but also considers the possible implementation of sensors in the air-conditioning system, to the extent that it only shortens the checklist.





8	Summary

In order to confirm the initially subjective impression of a CACE through objective data, the implementation of a sensory monitoring system of the air conditioning system is necessary. Stationary installed sensors in the duct systems and the cabin are particularly helpful here, as they can provide the pilot with clear data, based on the detected substances, such as ultra-fine particles, and their respective positioning. Sensor systems that function on the basis of spectroscopy are particularly promising. With regard to individual indicators to be measured for the detection of CACEs, research suggests formaldehyde and ultrafine particles as the most promising approaches.

This thesis shows that there are various checklists available for smoke, fire, and fumes, that already cover the situation of a CACE. Although these checklists should be modified in order to be most efficient, checklists dedicated specifically to cabin air contamination would not support better than presently available more general checklists, since the differentiation between a fire on board and CACEs due to fuel vapors are sometimes not easy to accomplish. Since the greater fear is that of a fire, the chances are high that only the checklist for fire would be followed. In this case, the new, specific checklist for CACEs could be ignored.

Based on flight crew operating manuals of the aircraft models under consideration, this thesis contains an overview of how the cause of a CACE can be determined as quickly as possible through systematic switching of aircraft systems. It shows how the individual aircraft systems interact, what waiting times are necessary and how, under certain circumstances, logical conclusions can be used to exclude individual components from consideration. Above all, it is shown that simply switching off the individual packs without observing the boundary conditions does not necessarily lead to a correct conclusion. It is further explained that the waiting time between the various switching positions must be long enough, i.e. up to 9 minutes, in order to avoid jumping to wrong conclusions.

The consideration of the legal requirements, as well as the technical possibilities, shows that a descent to 10000 ft in the case of a CACE, with severe health risk for the crew and passengers, is in any case allowed and must be considered. Since in many cases maintaining the cruise flight altitude is preferred in order to reach the nearest airport more quickly, this thesis points that a fire can be ruled out with a high degree of probability by logical conclusions after a certain period of time. When this is done there is no need to expose the crew and passengers to unnecessary health risks, in order to reach the nearest airport more quickly.





9	Recommendations

This thesis already shows how important a sensory monitoring of the air conditioning is. Even if only the case of a CACE due to engine leaks is considered here, the problem can generally be scaled up to various problems in the air supply, which only increases the urgency for sensory monitoring.

For future work it is important to keep an eye on further progress in the development of corresponding sensor systems, such as the one developed by PALL Aerospace. It is also necessary to adapt the revised version of a possible checklist for CACEs elaborated in this thesis, which is quite general here, to specific aircraft types and then to subject these to corresponding tests.

Further considerations can also be carried out with regard to other possible reasons for cabin air contamination, with particular reference to the perceptibility through the human nose. This further research can provide information about whether and to what extend humans are able to recognize threats from air contamination without the aid of sensors. By proving that hazardous events, which are not recognizable without the implementation of sensory monitoring, the pressure on the OEMs as well as on the responsible authorities, to take action, could be increased.
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DEPARTMENT OF AUTOMOTIVE AND AERONAUTICAL ENGINEERING
Pilot Measures Against Cabin Air Contamination

Task for a Bachelor Thesis

Background

In recent years health concerns associated with contaminated cabin air in aircraft have
gained public attention. These concerns were raised by crew and passengers about
potential short or long term health effects causing e.g. neurotoxic symptoms. Engine oil
got into focus with its additive called tricresyl phosphate (TCP), an organophosphate.
TCP can enter already during normal operation in small quantities from the engine
bearings through bearing seals via bleed air (taken from the engine's compressor or the
APU) into the aircraft cabin. In addition to TCP other substances from the pyrolysis of
the oil, metallic particles from abrasion, substances from hydraulic fluids, from de-icing
fluid, or from aviation fuel have also caused health problems or have impaired flight
safety. Problems are pronounced in failure cases leading to Cabin Air Contamination
Events (CACE) — commonly known as fume events or smell events. When pilots are
confronted with a CACE they have to make a decision to continue the flight or to use an
alternate airport to land the airplane as soon as possible. Pilots are thus concerned with
options and strategies to determine a cabin air contamination, to isolate the
contaminating source, and to mitigate effects of a possible CACE.

Task

The thesis should answer questions as follows:

e How can the initially subjective impression of a CACE be based on objective
findings using sensors?

e In which way do checklists of various passenger aircraft address the situation of a
CACE? Could checklists dedicated to cabin air contamination support pilots better
than presently available more general checklists?

e How can the source of a cabin air contamination be isolated most quickly with
systematic troubleshooting and switching between system configurations?

¢ Why and under which circumstances is a descent to 10000 ft beneficial and possible?

The report has to be written in English based on German or international standards on
report writing.
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AUTO  : When both pushbutton switches are on AUTO :
— On the ground before the application of TO power, the ventilation system
is in open circuit configuration (closed configuration when the skin
temperature is below the ground threshold).

m On the ground after the appllcanon of TO power and in flight, the

H When elther pushbutton switch is on OVRD :
— The system goes to closed circuit configuration.
— Air from the air conditioning system is added to ventilation air. (The
blower fan stops if the BLOWER pushbutton switch is in the OVRD

position).
When both pushbutton switches are on OVRD :
— Air flows from the air conditioning system and then overboard.
i The extract fan contlnues to run.
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AUTO  : On ground, with Engines 2 and 3 not running, the underfloor extract valve
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FAULT It : The amber light and associated ECAM caution come on, when an extract
low flow is detected in the avionics compartment.
The FAULT It goes out when OVRD is selected.
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AUTO_: The crossbleed valve is open if the APU bleed valve is open.

The crossbleed valve is closed if the APU bleed valve is closed or, in case
of a wing, pylon, or APU leak (except during engine start).

UPEN" : The crossbleed valve I1s open.
CLOSE : The crossbleed valve is closed.
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ON : APU valve opens provided :
—N>095%
— Altitude < 25000 ft climbing
or < 23000 ft descending
— No leak detected on APU or LH bleed {Should a leak occur on the RH side,
the X-bleed would close).
ON light illuminates blue.

off : APU valves closes.
FAULT It : illuminates amber, associated with ECAM caution, when APU leak is
detected.

(3) X-BLEED sel

AUTO : X-bleed valve is open if APU bleed valve is open
X-bleed valve is closed if APU bleed valve is closed.

OPEN : X-bleed valve is open.

CLOSE : X-bleed valve is closed.
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b) The forward cargo smoke detection system ggered, or
c) DITCHING pushbutton on CABIN PRESS panel is switched ON.
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444444 Refer to Reference Action FM page 15.30.15 -« ----

l Oxygen masks and regulators .
LM Crew communications. .. ..
m Engine bleed switches. .. ...
W Packselectors..............oceiiiannns
If cabin altitude is above 14,000 feet:

W Passenger oxygen SWitch. .............. on
If cabin altitude is uncontrollable:

m Emergency descent............ Accomplish
-------------- CHECKLIST COMPLETE- - - <= - - =--

W MCP altitude (safe altitude/10,000) . Set
m FLCH switch . Push
WMHeading .....oovvviiniiiiiiinns As required

If structural integrity in doubt:
Limit airspeed and avoid high maneuvering loads.

W Speed brakes. ........ooiiiiiieiiians Extend
W MCPspeed........................ Vmo/Mmo
W Throttles.........coocvviiiiiiiiniananns Idle
W Transponder ...............000eeee... 7700
BATC. ccocevrsassrvossnsrssrnvasmsans Advise

EVACUATION u
=

=
Advise

m Parking brake Set
| Fuel control switches Cut off
W Pressurization outflow valve . . Open

W Evacuation. ... +++ .. Announce, initiate

m Engine and APU fire handles. . Override, pull

m llluminated fire handie(s) . . Rotate
If both engines, rotate in opposite d\recnons

m Sliding windows, escape ropes. ... .. As required

-------------- CHECKLIST COMPLETE- =+ ++vennnsss
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= Smoke goggles (if requlred) - On
m Utility bus switches. .. Off
m (B757) Left recirculation fan. .. Off
m APU bleed switch . Off

m Advise flightattendants . . ...................... ... IFE power switches - Off
CONTINUED FROM QRC

Diversion may be needed.
If smoke or fumes is the greater threat, accomplish

Smoke or Fumes Removal emergency procedure (15.50.8). |
REFERENCE ACTION:
If smoke/fire/fumes source is obvious and can be extinquished quickly: I
m Source . Isolate and extinguish

Remove power from affected equipment by switch or circuit breaker.
If source is visually confirmed to be extinguished and smoke and fumes are
decreasing:
Continue flight and/or restore unpowered items at Gaptain’s discretion.
m Smoke or Fumes Removal emergency
procedure (15.50.8) . . :
u END CHEGKLIST

. Accomplish (if required) |

. Alternate
.. Standby

[ (E757) Equlpmem cooling swnch

m (B767) Equipment cooling selectur .
m LAND AT THE NEAREST SUITABLE AIRPORT.

WARNING:Consider Immediate Landing if smoke/fire/fumes is uncontrollable.
WARNING:Do ot delay landing to accomplish the remainder of this procedure.
WLETIETT ERETORNONY NI s 5 e w0 i S S MR S Close
m (B767) Left and right isolation switches . Close

m Right pack selector ................ . Off
Wait 2 minutes unless smoke/fumes are incre: 9.

If smoke/fumes continue or are increasing:
i Right Pack 8alECI0F .. . . w.ocovemm s s s omamsesms v mesome s Auto
m Left pack selector
Wait 2 minutes unless smoke/fumes are increasing.
If smoke/fumes continue or are increasing:
I LT TSI MIMMIEEOT: o v o B W A AN Auto
u CONSIDER IMMEDIATE LANDING.
m Smoke or Fumes Removal emergency
procedure (16.50.8). . ... ....oooeeiaeens Accomplish (if required) |
Do not accomplish UTILITY BUS OFF, PACK OFF, or RECIRCULATION FAN irregular
procedures.
cmsssssssrnncncnsns CHECKLIST COMPLETE === v=svcsensnsnnnx
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EMERGENCY CHECKLIST 411
OCT/25.JAN.96 ALERT AND NON-ALERT m D '1 1 Page 9
AIR CONDITIONING SMOKE
ECON P/B OFF
SMOKE DECREASES
NO' Mo further sction required
v
AIR SYSTEM P/B MANUAL
ECONP/B ON
PACK 1 OFF
SMOKE DECREASES
NO' pleep AR 1 OFF
1-31S0L -ON
DO NOT activate BLEED AIR 1 or PACK 1 for remainder of flight.
!
PACK 1 ON
PACK OFF
SMOKE DECREASES
BLEED AIR 3 OFF
1-31SOL ON
DO NOT activate BLEED AIR 3 or PACK 3 for remainder of flight
v
PACK ON
PACK 2- OFF
SMOKE DECREASES
NO' pLeep AR 2 OFF
1-21S0L -ON
DO NOT activate BLEED AIR 2 or PACK 2 for remainder of flight,
v
PACK 2- ON

Smoke is not of air conditioning origin.

Refer to EMERGENCY Procedure - SMOKE / FUMES OF UNKNOWN ORIGIN.

MD-1141.1 Page 9
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[_no. | [ CONTROL/INDICATOR | [~

DESCRIPTION/FUNCTION

]

2 ECON

CAB ALT|
OFF

ECON Switch — red/amber

The ECON switch is an afternate action switch that
starts/stops the economy operation of the packs and
recirculation fans. ¢

In ECON mode the packs operate on low and the re—
circulating fans are sequenced on. When not in ECON
mode, the packs operate normally and the recirculating
fans are off. The ACC and ESC will turn the ECON mode
on and off as required by flight conditions. With this
switch, the flight craw can turn the ECON mode on/off
with the ESC in auto or manual mode.

CAB ALT illuminates red when cabin altitude is between
9,500 and 10,000 feet.

OFF illuminates amber when ECON mode is manually
selacted off.




image36.png
LNOj L CONTROL/INDICATORT I DESCRIPTION/FUNCTION ,

"
H‘i‘ PACK Switch {3) — amber
FLOW '
OFF The PACK switch is a momentary switch controliing
- respective pack flow control valve when system is in

menual mode. When n, air conditioning system con—
trol of respective pack is provided. When off, associ—
ated pack flow contral valve and ram air door s com—
manded closed. Switch has no effect if system is in auto
mode. FLOW illuminates amber if pack is commanded
on, but eir flow is insufficlent to ellow it to operate, or
pack Is commanded off and flaw is present. OFF illumi-
nates amber when pack is commanded off.
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SMOKE [ FUMES OF UNKNOWN ORIGIN
CABBUS PIB oFF
Pause long enowgh for cabin crew to evaluate whether smoke or fumes decraase.
SMOKE / FUMES DECREASE

NG Eontinue with cabin bus inoperative

ED

v
CAB BUS PIB ON
SMOKE ELEC/AIR Salector — —PUSH AND ROTATE

Rotale SMOKE ELEC/AIR Selecler clockwise, pausing al each position long
enough to evaluate wheter smoke or fumes decrease. \When a decrease s
nnterd, laAue zelartar in that pasitinn far rast nf fight

Caontinua with that ganerator shannal and air systam inoparativa and
observe associated consequences.,

NOTE: - When rafating the SMOKE ELEC/AIR Seindor, the auathratiie wil
disangage and he unisabie The sutnpilat mey dasngags hit then
use anofer autopilot.

- Muisance stick shaker may occur.
(Siick shaker CBs on overhead panel: Captain E-1, FIO E<31)

« Folloming essantial systems are inoperative of off in accorance
wil SMOKE ELEC/AIR Sleutun Pus.

SMOKE Selector Pos. 311 OFF:
only Gaptains VHF 1 and interphone available.
=DU4, 5, 0, MCDU 2; FM3 Z; IRS Z (after 15 min),
- Radar 2; All Nav aids 2.
-BLEED AIR 1; PACK 1; ECON systam; WING anti-ice.
= FIU pitot heat.
- Auta slat extension,
- Landing gear aural warning.
- Autebrakes.
FOR APPROACH:
- Set FLAP LIMIT Selector to OVRD 1
- Go-around mode is not available.

SMOKE Salactor Pos. 213 OFF:
-BLEED AIR 3 PACK 3, WING antice,
-Aux pitot hest
-Fusl dump low level.
-HORIZONTAL STABILIZER TRIM Gwitchea on control column.
-Engiine 2 reverser,

‘SMOKE Selector Pos. 1/2 OFF:

anly VHF 2 and 3 availabla,

-0, 2 3 MCDU 1, FME 1,

-IRS 1 and AUX IRS after 15 min. (AP no longer available).
Radar 1; All Nay aids 1

-BLEED AIR 2; PACK 2; WING and TAIL anfi-ise.

- Capiain piot heat.

- G;WS. PWS BELOW &/S lights
Auto ground spailers,

- Engine reversers 1 and

FOR APPROACH"

- Set FLAP LIMIT Selector 1o OQVRD 2

= On CAPT SISP push FD P/B to OFF.
Go around mode i not availble.

If smoke/fumes are not eliminated. land at nearest sutable airport.

MD-11 41,1 Pags 10
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= ELIMINATION of ODOR | Form Number.
ZRONTIER in FLIGHT DECK/CABIN Efofer:rive Date: ;;/7[:78/18

Apply the following procedure when a crewmember reasonably believes
that a strong, foul odor (such as an oily, musty, or dirty socks odor)
occurs.
= ON THE GROUND:
OXY MASK/GOGGLE......
PACK 1 and 2
Return to Gate and inform Dispatch
= |N FLIGHT:
OXY MASK/GOGGLE .ON/100%
CKPT/CABCOM........ ESTABLISH
DETERMINE THE SOURCE . COCKPIT/CABIN
0 Ifthe odor is more prevalent/strongest in the COCKPIT, PACK 1 should be suspected
0 Ifthe odor is more prevalent/strongest in the CABIN, PACK 2 should be suspected
« If PACK 1 is suspected:
Note: PACK 1 if odor is strongest in cockpit
PACK V ssrsstsrs s sssis sssossiss srmrs spmrsssns e sisrstore wevss sisestis Slors vt Amo srstsns OFF
« IF Odor Dissipates:
Maintain PACK configuration and monitor AIR COND system
« IF Odor Still Persists:
PACK 1.
PACK2..
« IF Odor Dissipates:
Maintain PACK configuration and monitor AIR COND system
« IF Odor Persists:

LAND ASAP
« If PACK 2 is suspected:
Note: PACK 2 if odor is strongest in cabin
PACK Dot wibsos onsi wismsseliss o ool s oo o sslol stepsslo e s et OFF
« IF Odor Dissipates:
Maintain PACK configuration and monitor AIR COND system
« IF Odor Still Persists:
PACK 2...
PACK1..
« IF Odor Dissipates:
Maintain PACK configuration and monitor AIR COND system
« IF Odor Persists:

.OFF

LAND ASAP

AIR PACK 1 + 2 FAULT
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Il SVOKE/FUMES REMOVAL T
Use the smoke removal procedure if there is
dense smoke, toxic fumes (smell), or if smoke
generation cannot be stopped.

-~ EMEREXITLIGHT ........................ ON
o If fuel vapors :
CAB FANS ..
- PACK 1+2 ..
o If no fuel vapors :

- CAB FANS ....

- PACK FLOW

LDG ELEV .

— DESCENT (FL 10[) or MEA or minimum

obstacle clearance altltude) INITIATE
- ATC .. NOTIFY
- SMOKE/FUMES/

AVNCS SMOKE PROC ......... CONTINUE

While descending, continue applying the appropriate
steps of the SMOKE/FUMES/AVNCS ~SMOKE
procedure depending on the suspected smoke source.
« At FL100 or MEA :
- PACK 1+2 .. . OFF
MODE SEL . ..
-~ MANV/SCTL ...... FULL UP
~RAMAIR .........cooiviiiiniiiii ON
o If smoke persists, cockpit window
opening :
MAX SPEED .............cocoeienni
- COCKPIT DOOR ...
— HEADSETS .........
- PNF COCKPIT WIND
o When window is open :

~ NON-AFFECTED PACK(s) ......... ON
- VISUAL WARNINGS

(noisy CKPT) ................ MONITOR
- SMOKE/FUMES/

AVNCS SMOKE PROC ... CONTINUE
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REV 25
EMERGENCY PROCEDURE
Awscﬂ IGENCY PROCEDURES sznmn

! SMOKE/FUMES REMOVAL

- EMER EXI‘I’L%HT - m
- AIR FLOW MAN
- LDG ELEV . 10000 FT/MEA

—~ DESCENT (FL 100 or MEA or minimum
obstacle clearance altitude) . INITIATE

- ATC ... NOTIFY
- SMOKE/FUMES/
AVNCS SMOKE ... ... CONTINUE

While descending, continue applying the appropriate
steps of the SMOKEFUMES/AVNCS SMOKE paper
procedure depending on the suspected smoke source.

o At FL 100 or MEA :

~PACK1+2. . OFF
~ MODE SEL ........ . MAN
- MAN VALVE SEL .. BOTH
- MAN V/S CTL . . FULL UP
- RAM AR .. ... ON
o If smoke persists, cockpit window

opening :

MAX SPEED ... 230KT
—~ COCKPIT DOOR . OPEN
- HEADSETS ... . ON

- PNF COCKPIT WINDOW
« When window is open :

. OPEN

— NON-AFFECTED PACK(s) . ON
~ VISUAL WARNINGS

(noisy CKPT) .................. MONITOR
~ SMOKE/FUMES/

AVNCS SMOKE PROC ..... CONTINUE
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LONG RANGE CRUISE - 2 ENGINES

T00% OF MAX CRUISE THRUST A EGT DG.C MACH
NORMAL AIR CONDITIONING CG POSITION 32.0 % THR 1AS (KT)
WITHOUT ANTI ICING KG/H/ENG TAS (KT)
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