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SUMMARY  
 

This document details some of the concerns that some gas technical regulators have with use 
of flammable hydrocarbon refrigerants (HC) in refrigeration and air conditioning devices.  This 
is essentially a revision of a document prepared in response to proposed changes to AS/NZS 
1677 in late 2012 early 2013 and a submission to AIRAH when AIRAH was developing its code 
of practice. Changes to AS/NZS1677 did not proceed and revisions to this standard would not 
be expected in the short to medium term. 

Meanwhile conversions of mobile plant and vehicles, as well as fixed installation appear to be 
proceeding without appropriate coverage of relevant standards and best work practices. 

The only work practice that has been developed since early 2013, is AIRAH’s Flammable 
Refrigerants– Safety Guide.  GTRC members provided input to the development of the original 
document and having a specific safety guide for this industry is to be commended.  However it 
is noted that not all of the GTRC input has been reflected in the Safety Guide and that may 
have not provided for the optimum risk minimisation for operators and consumers. 
 
In particular conversion of existing systems is permitted in the Safety Guide subject to a 
number of criteria.  How ensuring these criteria have been met or policed is unclear.  A self-
assessment system in regard to redesign and retrofit of an existing device is not considered an 
adequate mechanism.  A robust approval and compliance regime that ensures all components 
are fit for purpose is strongly recommended to be in place before any retrofitting is 
contemplated. 
 
The proposed VASA Code of Practice does specifically exclude retrofitting of HC where this is 
not approved by the manufacturer: 

A18.5 A mobile air conditioning system must not be charged with a refrigerant for which the 
system was not originally designed, or the use of which has not been approved by the 

manufacturer of the system or components. 
A.23.6 Where the use of flammable refrigerants is contemplated, the relevant state and territory 

legislation, where this exists, must be referred to and complied with. Flammable refrigerants 
must not be used to charge a mobile air conditioning system if the system and its components 

were not designed for use with a flammable refrigerant. 
A.23.8 A system retrofit must only be performed to use a refrigerant approved for use by the 
motor vehicle and/or the air conditioning equipment manufacturer. 

 
This is approach is applauded although it is noted that since this is just a code how is this to be 
enforced.  It is known that this is already occurring.  The Code should also make reference to 
the need to comply with state and territory law where licensing, approvals or safety reports may 
be required.  
 
Standards are created or updated by committees that are required to act in compliance to a 
committee constitution. The typical industry developed codes of practice may not been done in 
compliance with such rigour.  
 
The risk and consequences of retrofitting and using HC in enclosed spaces is well 
demonstrated by an incident that took place in Western Australia on 28 April 2014 when a truck 
fire occurred involving hydrocarbon refrigerant. From this investigation report it can be clearly 
observed that the average conversion suffers from a lack of: 

 Recognised pressure containment strategies 

 Recognised Process safety controls 

 Understanding of ignition sources 

 Availability of suitable components 
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 Understanding of the combustion behaviour of flammable gasses in enclosed spaces. 

A number of overseas jurisdictions following incident investigations appear to have moved to 
ban applications and conversions of hydrocarbon (HC) refrigerants. These include significant 
parts of the USA and Singapore. In the USA, the exceptions to such bans are; room, wall type 
air-conditioners and domestic refrigerators, these are still permitted. In Singapore applications 
appear to be limited to domestic refrigerators. 

Some members from the Gas Technical Regulators Committee (GTRC) have allocated some 
resources in relating the practices as observed in the Air-conditioning and refrigeration 
industries when using HC’s to principles of gas safety and HC processing industries or in the 
recent case of WA carried out a detailed investigation into an incident involving a conversion to 
HC of a truck. Those efforts resulted in an updated discussion paper which is also used to 
communicate experiences within the GTRC. 

The petro-chemical industry is in the business of compressing hydrocarbons, be it on a different 
scale and purpose. The petro-chemical industries observe stringent practices in the areas of; 
pressure containment, process safety controls and identification and management of 
hazardous areas (ignition sources).  If practices that are observed in those industries are 
observed it can be concluded that these skills and practices have not been carried across to 
the AC and refrigeration industries in the current transition to flammable refrigerants. The 
violations of safe gas engineering principles are therefore considered problematic as the public 
and operators are exposed to increased risks.  

When studying the activities it becomes evident that these risks can be eliminated or 
substantially reduced if practices from the petro-chemical industries are transferred. It would 
appear that in the interest of safety to the public and operators a temporary ban is justified for 
all HC refrigerants conversions and applications until such conversions are reviewed and safe 
work practices are established.   The exceptions to such bans should be for new appliances 
designed for operation on HC such as; room, wall type air-conditioners and domestic 
refrigerators. 

Safe applications of HC exist if new systems are designed in accordance with the broader 
definitions found elsewhere in this document.   

Significant changes in relation to the current permissible quantities of flammable refrigerants of 
flammability classes “2” and “3” that includes A2 and B2 should also be considered. Of 
particular concern is the use of these in residential applications.  

Risks from HC cooling applications are different to those in conventional gas appliances based 
on:  

 Operating pressures of gas appliances in homes routinely are 2.75 kPa or lower, 

 Complexities of air-conditioners, such as phase changes and flow reversals in 
comparison to the uni-directional, low pressure and controlled release of gas in a 
combustion chamber and the subsequent controlled combustion,  

 Mechanical forces (gas appliances in the main do not have compressors etc.) 

 Unsupervised nature of operation (gas appliances are usually only operated when 
people are aware),  

 Location of air-conditioning equipment (gas appliances are never installed in bed rooms 
and a significant number of appliances are installed outside)  

 

The use of flammable refrigerants represents a new risk to the consumer. There are 
engineering controls that can be applied to address the issue at first principles so as to achieve 
a substantial reduction of the risk. The availability of engineering controls means that a 
Quantitative Risk Assessment (QNRA) is not warranted. In addition the statistical data that are 
required to undertake such risk assessment are not likely to be available. 
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Applying the engineering controls advanced in this discussion paper may be additional to what 
has been considered internationally in standards. However, that in itself is not an argument 
against applying engineering controls that address the issues at fundamental level. 

First preference and foremost consideration is to avoid the introduction of flammable 
refrigerants. 

This discussion paper separates three (3) categories of equipment; A residential, B automotive 
and C commercial/industrial. Individual sections are devoted to these categories. 

While the focus of this paper is on the flammability of refrigerants, “B” class refrigerants (that is 
those of a higher toxicity classification) should not be used in domestic, commercial or 
automotive applications.  

For field personnel flammable refrigerants should be odourised to an adequate standard that 
meets the outcome of dosing propane with 35 mg/kg of ethylmercaptan in cylinders that are not 
the subject of odourant fade. 

It should be noted that, unlike more recent standards, AS/NZS1677.2 does not recognise the 
pooling effect of dense (“heavy”) refrigerant gases and consequently allows quantities of class 
A2 and A3 refrigerants that are too generous in residential and small commercial settings. A 
justification for the currently published maximum quantity of hydrocarbon based refrigerant, 
cannot be made if this quantity is seen in the light of  known incidents that involved much less 
hydrocarbons in enclosed spaces.  

Testing carried out in Perth during January 2013 confirmed that pooling will not occur when 
indoor units are mounted higher than 1200 mm and the indoor-unit fan is operating. That 
outcome has provided some more room for safe operation in the small AC comfort applications. 
These details are further worked through in the respective areas. 

Protocols developing industry codes like AIRAH’s safety guide are less stringent than those 
used developing Australian or International Standards. One example of such perspective is the 
shifts that have occurred in the AIRAH COP/Safety Guide in relation to conversions of existing 
equipment. The original code was clearly stating that existing equipment should not be 
converted whilst the current Safety Guide has done away with that limitation and instead 
provide in Appendix A self assessments for conversions to a range of equipment.  

When comparing these self-assessments guides to practices and controls applied in the petro-
chemical industries then it can be concluded that the protocols are not transferred. Whilst these 
practices refer to places of work, the public should be able to expect that safety in the home is 
provided to a similar or even higher level than in a place of work. 

Existing equipment has not been designed for flammable refrigerants. As the incident 
investigation in Perth demonstrated; pressure containment, process safety and hazardous area 
considerations are not on par with hydrocarbon processing or petro-chemical plants thus 
exposing a significant gap that would logically result in a much increased risk to the public.    

Lastly it should be noted that indirect cooling solutions would resolve most safety concerns of 
most applications by keeping the flammable refrigerants away from the enclosed spaces 
occupied by humans, they also come with significant other installation related advantages. 
Indirect solutions: 

1) Do not need expensive copper coiled pipes, plastic tubing is most appropriate. 
2) Have piping solutions that are much easier to install. 
3) Do not require creating a vacuum on the installation. 
4) Contain the entire refrigeration cycle section delivered to site entirely sealed like a 

refrigerator and the refrigeration cycle is not compromised by site installation. 
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1 INTRODUCTION AND GENERAL COMMENTS 

The current review of the standard AS/NZS 1677.2 “Refrigerating systems, Part 2: Safety 
requirements for fixed applications” has been brought about mainly by the phasing out of 
conventional hydrochlorofluorocarbons (HCFCs) based refrigerants. It has been proposed 
that most of these conventional refrigerants are to be replaced with either hydrocarbon based 
or flammable hydrofluorocarbons (HFC’s) refrigerants. Unless critical limitations and 
safeguards are put in place, the safety of the public will be compromised significantly through 
the use of these substances. This is because nearly all of these flammable replacement 
gases are denser (“heavier”) than propane and thus will pool even more readily than 
propane. 

The committee considering this set of current proposals was unable to find agreement and is 
seeking the views of GTRC members. As a result Standards Australia had called for a forum 
prior to the committee meeting. The forum and subsequent meetings are to occur on 28 and 
29 November 2012. The chair of the committee had invited GTRC members to participate. 
EnergySafety WA has already carried out the research into pooling of carbon dioxide as a 
surrogate for propane (LPG).  

Use of LPG indoors leads to significant safety issues as seen by considering some recent 
Western Australia examples that came to attention of the public. Estimated quantities that 
caused all the damage and injury are provided in the Table 1 below: 

TABLE 1 

 LPG Ignition Incidents, involving pooling of Heavier Than Air Hydrocarbons 

Incident Qty of gas involved/use Consequence 

Dept. of Commerce HR canteen 2
nd

 
floor St George’s Terrace Office 
corner of King Street. 

100-200 grams LPG as 
Insecticide propellant 

Extensive damage to the 
canteen and some trauma to 
staff. 

Restaurant in Hepburn Heights 600-1000 grams 

LPG as Insecticide propellant 

Severe burns hospitalisation 
and total destruction of 
restaurant 

Residence in Albany 1000-4000 grams 

LPG leaking from the 
distribution network through 
15+ metres of soil body that 
collected under the shallow, 
timber floor in the basement. 

One Fatality, one person 
suffering severe burns 
requiring long term 
hospitalisation and ongoing 
injury and a total destruction 
of the residence. 

 

Refrigerants that are flammable expose consumers to a risk that currently do not exist. It is 
therefore imperative to assess that risk and introduce strategies that either eliminate the risk 
or reduce the risk to ALARP. 

Australia being a country with temperatures that exceed many other parts of the world will 
invariably have an installed cooling capacity that is greater per unit measurement than for the 
same size enclosed space located elsewhere in the world. That in turn translates to an 
increased refrigerant charge for a similar enclosed space compared to overseas locations. 
Therefore charge limits need to be considered in relation to the enclosed space as required 
in this continent and this phenomenon applies to all categories of cooling applications. 

Although the following paragraphs are in relation to a mobile installation that exploded 
severely injuring the driver and passenger the same observations can be made for most 
fixed installations. 



  
 

- 6 - 

 

From the investigation of the truck incident it became apparent that a number of fundamental 
mistakes are made by people in the refrigeration trade. Since there are industries that 
routinely compress highly flammable gasses it would stand to reason to observe how such 
industries go about their business to improve safety. 

From the information received from industry, it is apparent that industry is not fully 
conversant with the detailed engineering issues that need to be resolved before further 
applications are made using any refrigerants other than R-134a. 

This review established that, in the context of adopted industry practices, the installer (a 
MTAWA member) did not make any significant errors and that the causation of this incident 
is found in an industry wide application of HC refrigerant and, more particularly, the manner 
in which HC refrigerant is applied to installations not designed/equipped with the increased 
safety barriers needed to use of HC safely.  

Stakeholder support for the use of HC varies from strong dis-endorsement to strong 
endorsement. The position of key stakeholders is summarised below:- 

Industry participants specialised in the AC industry expressed strong dis-endorsement for the 
use of HC in this mobile application, these include VASA and, in stronger terms, the 
individual suppliers of the TX valve, the compressor and vehicle OEM.  The truck maker, 
Mitsubishi, does not approve of the use of HC refrigerants. 

This investigation did not uncover any evidence of any dis-endorsement of the practice of HC 
retrofitting from the MTAWA.  

The RAC did not express any opinion in the technical advisory area, referring the matter 
back to the MTAWA. The RAC insurance did not dis-endorse the practice either.  

As expected, the sellers of HC refrigerants strongly promote their use. 

 

1.1 Refrigerant amount 

The industry uses a HC charge amount of one third the weight of R-134a. 
Thermodynamically, if a system was designed for a charge of 1 kg of R-134a then the HC 
charge, depending on the blend, should be between 45-50% of this quantity. Ultimately it is 
the amount of liquid “volume” occupying the condenser which limits the charge level. 
Undercharging, as apparently advocated by the industry is not considered beneficial, as it 
would lead to system capacity degradation and premature failure of the TX valve. In any 
case even an undercharged system can still reach overpressure if the condenser fan fails, so 
this is not an effective strategy to limit the potential of failures, such as the one that is the 
focus of this report. A further case for the reduction of HC charge could only be justified if the 
volumetric rate of thermal expansion of a HC liquid is demonstrable greater than that of R-
134a. However in the absence of reliable data and, given the relatively small temperature 
range involved, its overall effect considered likely to be minor. Therefore a comparison of the 
charges based on the occupied volume is recommended. If that volume needs to be charged 
using mass units, then straight conversion based on published density data is recommended. 

 

1.2 Lack of Engineering Rigour in Process Safety 

There are no specific standards that cover applications engineering of new or retrofit HC 
cooling systems. Industry does not appear to apply engineering rigour in this field. To 
illustrate the lack of engineering rigour, comparisons are made to petrochemical processes of 
this kind. Such compression cycles are provided with all of the following safeties: 

a) Current limiting. This is an effective tool to provide overload protection of the drive 
motor and effectively makes it incapable of pumping the gas to such high head 
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pressure; the motor trips. In this case there was no electric motor but a single V belt 
drive therefore this feature was not available.  

b) On the compressor inlet (suction) there is usually low and high pressure switches 
intended to alarm the operator. Although mass produced switches of automotive 
standards are $6.00 plus GST it could be argued that, because of the lack of 
availability of suitable ranges and the lesser need for an alarming function, they could 
be dispensed with, without practically increasing the risk of injury of the vehicle 
occupants.  

c) Two pressure switches (alarm and trip) and a full size relief valve should be fitted on 
the compressor discharge. Again, ignoring the need to alarm and providing a safety 
protection, the trip switch would be the minimum acceptable action, together with a 
relief valve. Relief valves are inexpensive in these small sizes once they are mass 
produced, they would be well under $25.00 each.  

There is a significant challenge this industry faces to reach compatibility of operational needs 
over a wide range of temperatures with the pressure envelopes of the candidate refrigerant 
compounds, which are dictated by physical laws.  

 

1.3  Engineering Rigour in Pressure Containment 

Comparisons are made to petrochemical processes where these kinds of compression 
cycles are provided with all of the following pressure containment strategies:- 

a) Pressure stress. This is known as the source of stress in a vessel or pipe. 
Cylindrical containment vessels and pipes provide the most effective practical 
geometry to cope with internal pressure. The formula for hoop stress = Ϭ=p*Di/2t 
Where “p” stands for the internal pressure “Di” for internal diameter and “t” for the 
wall thickness, is the most basic formula. Generally most vessels and piping are 
made from alloys and typically, in process operating at normal pressure, will not 
cause a stress level of more than 30% of the metal’s yield strength. Some minor 
pressure excursions are occasionally accepted to stray above 30% ultimate 
tensile stress, provided they are rare and can be identified and managed. Here 
they are not rare (summer operation) and they cannot be managed because there 
is no safety equipment in place to do so. In contrast to the most optimal geometry 
to contain pressure, one of the least effective geometries is the disc nature of the 
diaphragm of a TX valve. Instead of inducing simple tangential stresses, bending 
moments and shear stresses are induced due to its geometry. The rupturing of 
this TX valve should not come as a surprise if pressure containment and stresses 
are understood. 

b) In addition the system needs to be operational in hot summer weather when a 
vehicle is parked in the sun. Therefore the high head pressure is not substantially 
different from operational pressures during the first few minutes if a car has been 
parked in full sun at air temperature in the vicinity of 48°C with its windows shut. 

c) The burst pressure of the TX valve being in the region of 4.5 MPa is inadequate 
and limits the introduction of safety devices that still allow operation during hot 
summer days.  

 

1.4 Lack of understanding of Ignition Sources 

Electrical engineering in hazardous areas is a specialised field developed originally to reduce 
the number of underground explosions in coal mines in the early part of the twentieth 
century. That ultimately led to the current standard AS/NZS 60079 which consists of a 
number of parts. There are two ways of addressing ignition sources if flammable gas 
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escapes cannot be eliminated. One is to make items explosion proof. However this involves 
substantial, metal switch gear enclosures and glanding of cables. This is not considered 
viable in automotive applications. The other recognised method of removing ignition sources 
is to make circuits intrinsically safe. The verification method for this is given in AS/NZS 
60079.11. An indication of this non-achievable outcome is provided in the figures below.  

A paper written by Mr Maclaine-cross from the University of NSW entitled; Insurance Risk for 
Hydrocarbon Refrigerants in Car Air-Conditioners. In this paper Mr Maclaine-cross devises 
his own test methodology. This methodology is completely contrary to the methodology 
recognised in AS/NZS 60079.11 and further analysis proves that the conclusions Mr 
Maclaine-Cross came to are incorrect. 

All industries where hazardous areas occur due to the possible presence of flammable 
substances such as hydrocarbons must comply with these Australian Standards and 
therefore could not use the work by Mr Maclaine-cross.  

It should also be noted that within a petrochemical facility not all areas are considered 
hazardous areas. There are a number of factors that determine the nature and size of a 
hazardous area including the substance (in this case group IIA propane), the probability of 
leaks, the size of the leaks etc.   Once an area is determined to be hazardous the electrical 
ignition sources are eliminated through the two aforementioned techniques (explosion proof 
or intrinsically safe).  

If this technology is transferred to the application of HC in motor vehicles then it could be 
argued that if the mechanical joints are eliminated and the pressure rating of the evaporator 
is increased to high bursting pressures say 10 MPa and any possibility of pipe stresses of the 
evaporator, other than pressure stresses, are eliminated the vehicle cabin is no longer a 
hazardous area.  That outcome was not achieved in this incident nor would it most likely be 
achieved in any other aftermarket conversion.  This shows that direct evaporators should 
only be explored for use in new vehicles.  

Hydrocarbons consisting of propane and iso-butane can be ignited by a variety of sources 
such as relays, brushes on a commutator and switches (or, indeed, static discharges), 
therefore finding the origin of the ignition source is not considered important in this instance. 
They are numerous ignition sources in the cabin and no attempt has been made by industry 
to address ignition sources and their proximity with possible gas escapes. 

The truck involved in this incident operates on a 24 volt DC system. However a 12 volt DC 
system, especially when switching inductive loads, can also produce arcs that can ignite 
flammable gas. It is also important to note that most cars run on a regulated voltage 
somewhere between 13.8 and 14.4 VDC. Switching of headlights (resistive) and small 
motors and large relays (inductive) are potential ignition sources.  

Two curves are provided that show the sensitivity of current and ignition levels of various 
gases such as propane in resistive circuits like light bulbs and inductive loads like motors. 

Group II subdivisions where IIA is propane thus typical for HC refrigerants.   

This extract of the vehicle incident report, shows that electrical loads that ignite 
hydrocarbons. The review of typical current and induction data demonstrates that electrical 
loads deemed to be of no risk by Mr. Maclaine-cross in his paper quoted above can be 10 
times in excess of permitted in AS/NZS60079.11 using a safety factor of 1.0. If an industry 
safety factor of 1.5 is used these loads are 15 times higher than compliance levels. 
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 Type of load (see also 
values plotted in the graphs 
below) 

Load Current 

(A) 

Inductance 

(mH) 

 

Within Group IIA 
Ignition Curves 
1)  

1 Windscreen wiper motor (low 
speed) 

2.5* 0.835* Yes 

2 Windscreen wiper motor 
(high speed) 

4.0* 1.104* Yes 

3 Starter solenoid 14.2* 0.627* Yes 

4 Air conditioning fan motor 17.0* 0.255* Yes 

5 Headlights 2*55 Watt plus 
tail lights 

10.0** Nil Yes 

*Data obtained from SAE Technical Paper Series 2002-01-0142 Inductances of Automotive 
Electromagnet Devices (H.S. Silvus & R. E. White) 

** Older vehicles would have headlights switched from within the cabin, 10 Amp at 12 VDC 
approximately 12 Amp at 14.4 VDC. 

1) Loads from inductive devices and headlight data are referenced against IEC 60079-11: 
2011 Inductive ignition curves. Factor of Safety used 1.0 used. 
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1.5 Training 

Information provided by the MTA advises that hydrocarbon use is not currently included in 
the Certificate II in Automotive Air Conditioning Technology. Without being aware of the 
system engineering processes and the deficiencies of current methodologies, it would be 
extremely difficult to design and provide adequate training.  

Engineering strategies need to be identified and adopted and system standards developed 
prior to developing training courses that reflect the relevant standards adopted by the 
automotive industry. 

Some national competencies are now in place for use of domestic HC refrigerants.  These 
should be mandated in the training (rather than being electives) or being a requirement for 
obtaining an ARTIC licence. 

 

1.6 Refrigerant supplier 

In this case it is understood that the gas was odorised with ethyl mercaptan. In this incident 
the initial presence of an odorant was considered irrelevant. In such a system odorant fade is 
expected to occur and no testing was performed to determine the presence or otherwise of 
ethyl mercaptan or its breakdown products. Odorant is only effective during (initial) service 
work for the protection of the worker/ installer. Even had odorant fade not occurred, in such a 
sudden rupture it is unlikely that the warning would have been of much value as it is likely 
that the gas would have ignited almost immediately upon its release.  It may be noted that 
commercial propane is typically odorised at the rate 25 to 35 mg/kg with ethyl mercaptan. 
Ethyl mercaptan is known to be reactive and such a small quantity (in the order of 10-15 mg) 
would be expected to have only a limited life in the above application.  

 

 

 



  
 

- 11 - 

 

1.7 Various Industry positions 

During the course of this investigation industry position statements were communicated that 
are concerning, because they provide a confirmation of an industry perspective that shows 
practices which could compromise safety of the consumer. These go beyond the actions 
solely linked to the installer, which directly led to this incident, and thus require detailed 
consideration because of their wider impact, a snapshot of these with some commentary is 
provided here. 

a) Manufacturers’ guidelines and specifications must always be adhered to. This 
position seems untenable because, on that basis, this entire practice of HC 
conversion should cease immediately as it violates the position. We have included 
records that show Sanden, the compressor manufacturer, does not recommend the 
use of HC in their R-134a compressors. The TX valve manufacturer does not approve 
the use of HC on their valve. Mitsubishi/Daimler do not support any refrigerant, in any 
of their models or workshop instructions, other than R-134a. Therefore the 
endorsement of conversions to HC cannot be reconciled with the requirement of 
adherence to guidelines from manufacturers. 

b) Industry Codes of Practice are to be adhered to. VASA is, as we understand, in the 
process of producing a Code of Practice specifically covering automotive cooling and 
refrigeration. Other than the existing ARC code that does not apply to HC 
refrigerants, no other COP that gives relevant support for a technician active in the 
use of HC in mobile installations can be found. Given that VASA in the past has been 
critical of the use of HC there is at least an expectation that this COP will be more 
robust than others from the past. 

c) Proper and effective training is paramount. This point is endorsed, but before training 
packages are developed these systems need to be engineered correctly. 

d) Requirements for licensing are to be followed (Retrofitting R-134a to HC refrigerant 
does require a Refrigerant handling licence.). The licence requirements do not cover 
engineering issues and lack of engineering rigour in hydrocarbon refrigerant 
applications. They relate only to the non-releasing of R-134a into the environment 
and are silent in relation to the safety of consumers on matters involving HC. It 
therefore implies something that compliance will not deliver and could mislead the 
reader in assuming a level of rigour and protection that cannot and will not be 
delivered merely by adhering to the current R-134a licence requirements. 

e) Industry requires solutions to any problems identified. That is something industry 
indeed needs to develop. For example, indirect solutions should have been 
developed before embarking on these poorly designed conversions that put 
consumers in danger. 

f) If a 12 volt vehicle can cause ignition of flammable refrigerants it should be identified 
exactly how ignition can occur. As identified above this indicates a lack of knowledge 
in the industry. It would be impractical to remove all ignition sources, including 
possible smoking and the potential for the development of static electric charges. The 
actual voltage is also misrepresented 12 V when in fact it is actually 13.8 V and often 
ranging to 14.4 V, making for stronger DC arcs.  The expert advice includes a number 
of calculations that show that typical circuit loads, and the currents they draw, provide 
ignition sources that can easily ignite propane.  

 

1.8 Publications 

A number of papers and videos are produced by one of the former staff members, Mr 
Maclaine-cross of the UNSW. A significant number of papers are now quite dated and 
concern is expressed about the level of peer review prior to publication of safety critical 



  
 

- 12 - 

 

documents and video clips. They also suggest a significant misunderstanding of the 
dynamics of flame propagation.  

 

1.9 Coaches and buses 

In WA three companies were contacted, Lyons, Tracks and Thermo King West. They all said 
they will not use hydrocarbon refrigerants. Two persons made the point that compressors are 
expensive and warranty issues alone would prevent them from using hydrocarbons. 

 

1.10  Overseas use of hydrocarbon refrigerants 

The documents used by the promoters of hydrocarbon refrigerants are becoming quite dated 
and imply that there is substantial world-wide interest in using HC refrigerants. The 
documents are mostly written by the abovementioned Mr Maclaine-cross of the UNSW with, 
in some instance, collaborators.  

An internet search revealed the following status of HC around the globe: 

a) Generally the use of hydrocarbon refrigerants appears to be banned in the USA. 
Reading the QA’s from the EPA in the USA there is are significant concerns. See 
also: 

http://www.epa.gov/ozone/snap/refrigerants/hc12alng.html#q3 

There are certain provisions to allow R-134a conversions but further outright bans exist in a 
number of states in relation to the use of HC in motor vehicles. 

b) In Singapore HC’s will be banned from buildings see also:  

https://www.google.com.au/url?url=https://www.wshc.sg/wps/themes/html/upload/cms/file/Hy
drocarbon_Refrigerant.pdf&rct=j&frm=1&q=&esrc=s&sa=U&ei=DRK2U8L8H9Hm8AXd8oDQ
Dg&ved=0CBsQFjAB&sig2=12L3VoLcNpGf67IMaCokww&usg=AFQjCNE7Ub8xaamWwhOj
QzbmJJXX4cGQhg 

It is understood that a similar ban is in place for motor vehicles. 

c) Internet searches of the European continent were less conclusive. 

d) There appear to be world-wide acceptance of the use of HC’s in refrigerators, which 
given their low charge levels is expected and practically safe. 

 

1.11  Flammability rating of refrigerants 

Flammability can be rated by different criteria such as; calorific value, flame speed, energy 
level required to ignite. However from a safety aspect the main criteria would have to be how 
a substance behaves once ignited in an enclosed space. Ammonia is generally rated as a 
refrigerant with low flammability based on established criteria. As this clip indicates  
http://www.youtube.com/watch?v=n4ktAaGAyLc  there is a noticeable discrepancy between 
the assessment of flammability based on the aforementioned criteria and the actual 
behaviour in an enclosed space.  

The document is divided into three (3) applications sections.  

Section A covers the introduction and forms the basis of the risk assessment as applied to 
residential fully sealed split systems and refrigerators. 

Section B covers Automotive  

Section C covers systems that do not meet the risk model of section A 

http://www.epa.gov/ozone/snap/refrigerants/hc12alng.html#q3
https://www.google.com.au/url?url=https://www.wshc.sg/wps/themes/html/upload/cms/file/Hydrocarbon_Refrigerant.pdf&rct=j&frm=1&q=&esrc=s&sa=U&ei=DRK2U8L8H9Hm8AXd8oDQDg&ved=0CBsQFjAB&sig2=12L3VoLcNpGf67IMaCokww&usg=AFQjCNE7Ub8xaamWwhOjQzbmJJXX4cGQhg
https://www.google.com.au/url?url=https://www.wshc.sg/wps/themes/html/upload/cms/file/Hydrocarbon_Refrigerant.pdf&rct=j&frm=1&q=&esrc=s&sa=U&ei=DRK2U8L8H9Hm8AXd8oDQDg&ved=0CBsQFjAB&sig2=12L3VoLcNpGf67IMaCokww&usg=AFQjCNE7Ub8xaamWwhOjQzbmJJXX4cGQhg
https://www.google.com.au/url?url=https://www.wshc.sg/wps/themes/html/upload/cms/file/Hydrocarbon_Refrigerant.pdf&rct=j&frm=1&q=&esrc=s&sa=U&ei=DRK2U8L8H9Hm8AXd8oDQDg&ved=0CBsQFjAB&sig2=12L3VoLcNpGf67IMaCokww&usg=AFQjCNE7Ub8xaamWwhOjQzbmJJXX4cGQhg
https://www.google.com.au/url?url=https://www.wshc.sg/wps/themes/html/upload/cms/file/Hydrocarbon_Refrigerant.pdf&rct=j&frm=1&q=&esrc=s&sa=U&ei=DRK2U8L8H9Hm8AXd8oDQDg&ved=0CBsQFjAB&sig2=12L3VoLcNpGf67IMaCokww&usg=AFQjCNE7Ub8xaamWwhOjQzbmJJXX4cGQhg
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2 REFRIGERANTS AND RISKS 

It is proposed to make significant changes in relation to the current permissible quantities of 
flammable refrigerants of flammability classes “2” and “3” that includes A2 and B2. Of 
particular concern is the use of these in residential applications.  

 Risks of using HC’s in cooling cycles are different to those in conventional gas appliances 
based on:  

 Operating pressures of gas appliances in homes routinely are 2.75 kPa or lower, 

 Complexities of air-conditioners, such as phase changes and flow reversals in 
comparison to the uni-directional, low pressure and controlled release of gas in a 
combustion chamber and the subsequent controlled combustion,  

 Mechanical forces (gas appliances in the main do not have compressors etc.) 

 Unsupervised nature of operation (gas appliances are usually only operated when 
people are aware),  

 Location of air-conditioning equipment (gas appliances are never installed in bed 
rooms and a significant number of appliances are installed outside)  

 

The use of flammable refrigerants represents a new risk to the consumer. There are 
engineering controls that can be applied to address the issue at first principles so as to 
achieve a substantial reduction of the risk. The availability of engineering controls means that 
a Quantitative Risk Assessment (QNRA) is not warranted. In addition the statistical data that 
are required to undertake such risk assessment are not likely to be available. 

 

Applying the engineering controls advanced in this discussion paper may be additional to 
what has been considered internationally in standards. However, that in itself is not an 
argument against applying engineering controls that address the issues at fundamental level. 

 

The hazards identified with using flammable refrigerants require a Qualitative Risk 
Assessment (QLRA) before any considerations of implementing changes to allow any 
increases (in relation to the agreed charges for hydrocarbons) of these refrigerants, with or 
without reference to national or international standards. The engineering controls as 
advanced in this paper would be a logical conclusion from a Qualitative Risk Assessment. If 
people with gas expertise were called upon to provide witness in a future Coronial Inquiry 
defending some of the current practices could be problematic as incident scenarios can be 
predicted. 

This QLRA did not consider the toxicity aspects in the use of complex, flammable 
compounds. The absence of information in relation to the kind of substances that may be 
liberated upon combustion or exposure to excessive heat of various flammable refrigerants 
(other than hydrocarbons) is of considerable concern. The possibility of the formation of 
extremely toxic products such as hydrogen fluoride (HF) and carbonyl fluoride (COF2) being 
formed in a house fire where these refrigerants are present cannot be discounted.  Carbon 
tetrafluoride, or tetrafluoromethane (CF4) is another potential product. While not highly toxic 
itself, it can readily form toxic products by further reaction.  
 
There are also reports that some of these complex compounds can be quite unstable under 
high temperature conditions. Therefore if there are compressor burn outs, the technician may 
have exposure if he/she makes shortcuts or recovery equipment failures occur. That too is 
an area where proponents of these compounds should disclose the ramifications before 
market release and use in the market.   
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Adoption of a national or international standard is no substitute for applying sound scientific 
and engineering principles. For instance a key recommendation which does not appear in 
any of the sighted standards is the installation of optimally positioned solenoids, to limit the 
quantity that can leak into the enclosed space.  

It is prudent that this type of work and Qualitative Risk Assessment is carried out before 
implementation and not after recommendations of a future Coronial Inquiry. 

 
There does not appear to be any material advantage that makes the use of complex 
refrigerant compounds safer than simple hydrocarbons. Complex compounds often have 
higher densities (and are therefore even more prone to pooling than, for instance, propane), 
similarly LFL’s and burning velocities are mostly of the same order, excepting those 
designated “2L”. It is noted that the rate of over-pressure generation in the event of an 
ignition is a strong function of the burning velocity of the flammable mixture involved. It is 
also relevant that the standards EN 378-1:2008 “Refrigerating systems and heat pumps - 
Safety and environmental requirements - Part 1: Basic requirements, definitions, 
classification and selection criteria” (Appendix C.3) and AS/NZS 60335.2.40:2006 
“Household and similar electrical appliances—Safety Part 2.40: Particular requirements for 
electrical heat pumps, air- conditioners and dehumidifiers” (Appendix GG) do not differentiate 
between group 2 and group 3 flammable refrigerants in terms of burning velocity when 
setting maximum charge limits. 
 
Differences in ignition energy levels are not a major consideration as most sparks from 
switches and similar sources will exceed minimum ignition levels by multiple orders of 
magnitude for many gasses. The published data on ignition energies of these new complex 
compounds appears to be limited, though it is noted that according to Spatz and Minor, 
(International Refrigeration and Air Conditioning Conference at Purdue University, 2008), the 
minimum ignition energy of refrigerant R-1234yf is 5000 to 10,000 mJ, which at least 20,000 
higher than propane on those figures. 

 

For these reasons we do not see that there is justification to allow an arbitrary doubling of 
allowed charge (mass) of these complex compounds. That would in most cases simply 
double the flammability hazard and, furthermore, the possibility of highly toxic compounds, 
such as hydrogen fluoride and carbonyl fluoride, being produced cannot be discounted if 
these refrigerants are burnt or exposed to excessive heat, as in a fire. Where flammable 
refrigerants with complex structures that will be likely to form highly toxic compounds have 
the potential to ignite indoors they must not be used in that application.  

 

The suppliers of these complex refrigerant compounds are not known to have made 
available the potential combustion products. That may not be an issue for fires external to a 
building and is the subject to liaison with fire emergency authorities. However, there is clearly 
the potential for persons to be exposed to these products as a result of an indoor fire. For 
instance, this may occur while escaping from a fire that started inside the house as a result of 
the ignition from flammable refrigerant that has leaked. This is seen as creating an 
unnecessary and entirely foreseeable risk that can be overcome by simply not using these 
compounds. 

 

This discussion paper separates three (3) categories of equipment; A residential, B 
automotive and C commercial/industrial. Individual sections are devoted to these categories. 
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While the focus of this paper is on the flammability of refrigerants, concern is expressed 
about “B” class refrigerants (that is those of a higher toxicity classification) when be used in 
domestic, commercial or automotive applications.  

 

For field personnel flammable refrigerants should be odourised to an adequate standard that 
meets the outcome of dosing propane with 35 mg/kg of ethylmercaptan in cylinders that are 
not the subject of odourant fade. 
 

It should be noted that, unlike more recent standards, AS/NZS1677.2 does not recognise the 
pooling effect of dense (“heavy”) refrigerant gases and consequently allows quantities of 
class A2 and A3 refrigerants that are too generous in residential and small commercial 
settings. A justification for the currently published maximum quantity of hydrocarbon based 
refrigerant, cannot be made if this quantity is seen in the light of  known incidents that 
involved much less hydrocarbons in enclosed spaces.  

 

Finally testing carried out in Perth during January 2013 confirmed that pooling will not occur 
when indoor units are mounted higher than 1200 mm and the indoor-unit fan is operating. 
That outcome has provided some more room for safe operation in the small AC comfort 
applications. These details are further worked through in the respective areas. 
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3 ALLOWED REFRIGERANT CHARGE UNDER 
CURRENT AS/NZS 1677.2 

In setting the allowed refrigerant charge, the above standard does not consider pooling and 
relies on the "practical limit" based on the assumption of complete mixing of any leaked 
refrigerant with air throughout the conditioned space. The standard sets one-fifth of the LFL 
as the acceptable level, which is also criterion used in the gas industry. However, as noted 
on several occasions above, it is well established that so-called heavy gases do not 
instantaneously mix with air under quiescent conditions. Under turbulent conditions such 
mixing is expected to occur. The level of air movement necessary to effect mixing is likely to 
vary depending on numerous factors, including the nature of the leak, its direction, whether 
impinging onto walls or other stationary objects and the nature of the air movement in the 
space concerned. The pooling tendency of heavier than air refrigerants was the rationale 
behind the development of the equations. Given the above, the assumption of complete 
mixing is clearly much too optimistic. 

 

In particular, AS/NZS 1677.2 Clause 2.6.2 allows a maximum charge of 1.5 kg for Category I 
occupancies. The current proposal would allow this to be doubled for hydrofluorocarbon 
refrigerants, even though they are in fact flammable and have a pooling tendency that, in 
many cases, be even greater than that of propane. 

 

AS/NZS 1677.2 describes A2 refrigerants as “moderately flammable” and A3 as “highly 
flammable and potentially explosive”, although it does not take burning velocity into 
consideration in setting maximum charge limits. This is also the case with standards EN 378-
1:2008 “Refrigerating systems and heat pumps - Safety and environmental requirements - 
Part 1: Basic requirements, definitions, classification and selection criteria” (Appendix C.3) 
and AS/NZS 60335.2.40:2006 “Household and similar electrical appliances—Safety Part 
2.40: Particular requirements for electrical heat pumps, air- conditioners and dehumidifiers” 
(Appendix GG) do not differentiate between group 2 and group 3 flammable refrigerants in 
terms of burning velocity when setting maximum charge limits. 

 

A.1 RESIDENTIAL 

This section covers residential applications. These include fridges, freezers and split air-
conditioners that are considered are typical for applications inside dwellings.  

Table 1 above shows that an indoor deflagration of a quantity of hydrocarbon in the order of 
100-200 grams gives rise to significant health and safety issues. 

Residential applications can be separated between refrigeration and air conditioning. 
Refrigeration systems are generally self-contained, do not require assembly or 
commissioning on site, do not include mechanical joints and usually have charge levels 
below 100 grams. Residential refrigeration systems meeting these requirements and having 
been provided with manufacturers’ endorsed safety improvements, are considered 
acceptable to operate on hydrocarbon based refrigerants. In addition they are predominantly 
used in kitchens and often are thus used in larger volume rooms inside the dwelling. 

Residential air-conditioners are predominantly of the split system design where the 
compressor and condenser are located in a condensing unit outside and an indoor-unit with 
fan assembly inside the dwelling. This section largely deals with the split system air 
conditioners.  
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A.2 RISKS 

As Table 1 shows, any deflagration involving 100-200 grams of hydrocarbons is likely to 
cause a fire with the possibility of death or major injury. Before such an event, it is likely that 
pooling of the LPG would have occurred. It is then more likely that a flammable mixture will 
be created than if the LPG was uniformly distributed throughout the space involved (though 
this latter situation can occur in some circumstances). Therefore the prevention of pooling is 
the key to any risk mitigation strategy.  

At present the consumer is not exposed to any of these risks as non-flammable refrigerants 
are used. A conversion of existing equipment will expose the user to an increased risk as, in 
the case of domestic type air conditioning units, the charge often exceeds 1000 grams. 

 

A.3 QUALITATIVE VERSUS QUANTITATIVE RISK ASSESSMENTS 

A Quantitative Risk Assessments (QNRA) would consider options ranging from no action 
through to the elimination of flammable refrigerants. It would consider the cost to society and 
the individuals and arrive at a largely economic argument as to what is required. A large 
amount of data and number of references would be required. In this case there is virtually no 
useable statistical data available for even a first step to commence a Quantitative Risk 
Assessment. Furthermore, in this case, the hazard can essentially be eliminated and, given 
the fact the consumer does not currently suffer this risk at all, a quantitative risk assessment 
(QNRA) is neither required nor desirable. 

A Qualitative risk assessment (QLRA) is based on identifying the hazard and comparing it to 
the possible consequences. Since the consequences include death, major injury and large 
potential material losses, the frequency of such events has to be brought down to at least 
remote and preferably to hypothetical possibilities. From incident investigations that have 
been conducted, it is clear that to arrive at such low frequencies additional engineering 
controls are required. 

A QLRA would address, at least to a reasonable extent, the emotions associated with the 
question: Would you put a flammable refrigerant system in your own house? Or even 
stronger: Would you put a flammable refrigerant based air-conditioner in your child’s 
bedroom? 

  

A.4 POOLABLE QUANTITY VERSUS NON-POOLABLE QUANTITY 

To introduce the main engineering control introduced in this part of the discussion paper a 
definition of the concepts behind the control is required. 

 

Poolable Quantity 

The amount of denser (often though less precisely termed “heavier’) than air flammable 
refrigerant that is available to stratify in a space is determined by the leakage rate and 
duration as well as the level of air movement or absence thereof. Such pooling can lead to 
flammable (often explosive mixtures) that occur with the total mass of released gas being 
only a fraction of the amount that would be required if the gas was uniformly mixed 
throughout the room volume. This effect was investigated at Purdue University in the United 
States and published in 2000, following which the resulting equations have been adopted by 
some modern refrigerant standards (including EN 378.1-2008 and AS/NZS 
60335.2.40:2006). A similar investigation was also recently carried out on behalf of by 
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EnergySafety in WA. The report of the ESWA work is attached and, in turn, attached to it are 
the Purdue and other relevant reports. 

Given the above, this paper advocates that the maximum poolable quantity of flammable 
refrigerant should be limited to 100 grams and that this quantity can only be used for indoor-
units that are mounted at least 1200 mm above floor level. Indoor-units fitted lower than 1200 
mm above finished floor level are deemed unsuitable to operate on flammable refrigerants.  

The poolable quantity of refrigerant (effectively a part of the charge that potentially can leak 
at any time into the indoor space) can be separated from the total charge of the system by 
for example the provision of 2 solenoids in the outdoor unit that stop the flow of any 
refrigerant between the outdoor unit and indoor parts of the unit when it is not operating. The 
quantity of liquid in the line and the vapour in the vapour line and indoor-unit combined must 
be restricted to not exceed 100 grams. This shall be determined for both the cooling and 
heating modes.   

 

Non-poolable Conditions 

When the unit is in operation the above mentioned solenoids will be open and therefore, in 
theory, the total amount of heavier than air flammable refrigerant that is in the closed system 
could potentially leak into the indoor space. However this could only occur during operation 
when the unit’s fan is providing some air movement. While, it is not certain that this air 
movement would totally prevent pooling of the leaked gas, such pooling is far less likely than 
in the absence of forced air movement. However in the following section this issue is further 
explored. In a situation where the air movement was sufficient to cause mixing of any leaked 
flammable gas with the air a much larger mass of refrigerant could be leaked without the 
creation of an ignitable mixture than would be the case in a quiescent environment. 
Conventionally, in any case, the maximum mass of a refrigerant charge under any conditions 
should not be greater than the quantity that could create a uniform mixture of 20% LFL. In 
the case of propane this is 0.4% by volume. As a result of testing that confirmed the 
effectiveness of dispersion of heavier than air gases by the operation of the indoor fan unit it 
is considered that concentrations up to 40% of LFL could be considered acceptable. To 
illustrate this by way of example, consider a room is 5.0 by 5.0 m and 2.5 m high; the volume 
is therefore 62.5 m3. The amount of propane under non-poolable conditions would not be 
permitted to exceed 0.004*62.5=0.25m3, which is equivalent to approximately 0.5 kg. This 
quantity can then be increased to 1.0 kg when 40% is applied. To clarify the relevancy of 
pooling; Under poolable conditions this quantity of propane could form a hazardous layer 
near floor level that would be readily ignitable.  

 

Possible opportunities for increasing the non-poolable quantity 

If a detection method is added that detects a reduction of charge (such as in the case of 2 
phase flow is taking place through a filter dryer and such detection is achieved possibly 
through i.e. an acoustic sensor) and the control system responds by shutting down the unit, 
then the non-poolable quantity may be increased by the detectable reduction of the charge. 
Say a system holds 1600 grams and thus does not comply with the calculated example here 
above the addition of detecting a reduced charge (not by low pressure) can shut down a 
reduced charge of 50% then the system with that added feature now complies with the non-
poolable limitation of 1000 grams. 

 

Verification of Non-poolable Quantity 

If the situation is created whereby the only conceivable leak of flammable refrigerant is inside 
the indoor-unit enclosure then it is most likely that escaping gas from such a (usually small) 
leak will be entrained into the flow through the fan and vented with some velocity, thus 
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ensuring proper mixing in the greater volume of the enclosed space. For this mixing to occur, 
the piping arrangements as recommended below are paramount. GTRC through 
EnergySafety WA has carried out a formal test to verify this rather predictable outcome. The 
test included installing a range of typical indoor-units at various heights above the floor and 
creating small CO2 leaks inside the units Then by verifying the uniformity of the CO2 
concentration in the room after some 1.0 kg had been leaked into the air stream and 
dispersed/injected into the room by the indoor-unit fan on each occasion.  A report has been 
provided of this testing to AIRAH and the AS1677 committee. 

 

A.5 RISK MITIGATION STRATEGIES 

These strategies and their order of preference are discussed here. 

1) Use non-flammable refrigerants. This is by far the preferred strategy, but does not 
appear possible in the longer term using the compounds currently available. 

2) Elimination of conditions conducive to pooling. This can be achieved by providing 
forced ventilation by the indoor-unit fan when operating. Once air and heavier than air 
gases have mixed they will not spontaneously separate and therefore these mixtures 
will not become ignitable over time as pockets where the LFL concentrations is 
exceeded. 

3) Keep indoor-unit units high above the floor level in the occupied space. The Purdue 
University work demonstrated this and it was also confirmed by the EnergySafety 
investigation.  

4) Keep charge limits low when gas can escape in occupied spaces during periods with 
little or no airflow. This quantity is defined as the “poolable” charge.  

5) Using hydrofluorocarbon based compounds that are flammable require risk 
considerations that are additional to those already identified as required for 
hydrocarbons. The main reasons are:  

 Improved safety from using these non-hydrocarbon substances in terms of 
combustion would only be worthy of consideration if LFL levels were an order of 
magnitude higher than propane. Propane’s LFL is approximately 2% or 20,000 
ppm in air. That means unless LFL’s of these substances are in the order of 
200,000 ppm or higher, ignition and the consequent formation of highly toxic 
products is a real possibility.  

 The burning velocities are mostly in the same order of magnitude as 
hydrocarbons, though not with “2L” refrigerants, where they are considerably 
lower. 

 These refrigerants are often compounds that are more complex than 
hydrocarbons. These compounds appear likely to have the potential to create 
highly toxic and harmful substances when they burn. In addition it has not to our 
knowledge been shown that, except for R-1234yf, they offer greatly increased 
minimum ignition energies. 

 

A.6 CONCLUSIONS 

1) The Purdue work and the incidents listed in Table 1 show that domestic refrigerators 
and freezers that are fully sealed and unlikely to hold more than 100 grams of 
hydrocarbon refrigerant are unlikely to increase the risk to the consumer to 
unacceptable levels. 

2) Residential air conditioner units that are fully sealed should be equipped with 
solenoids on the liquid and vapour lines in the outdoor-unit unit that are linked to the 
compressor and indoor-unit’s running cycles. This should bring the releasable 
flammable refrigerant charge at time of no airflow to below 100 grams. These 
solenoids must be closed when not powered (that is, “normally closed”). 
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3) Residential air conditioners that operate with flammable refrigerants must be 
hermetically sealed on the indoor part of the system and mechanical joints do not 
meet that criterion. Therefore the indoor-units must be supplied with tails that can be 
hard soldered and preferably be either long enough so they can be connected outside 
any enclosed space. Alternatively those tails are short enough to be inside the 
enclosure of the indoor-unit so that any leaks in such joints will lead to mixing of the 
refrigerant. See also “Verification of Non-poolable Quantity” 

4) Outside outdoor-units that are equipped with refrigerant “lock-in” solenoids must be 
installed in accordance with storage requirements of residential LPG cylinders which 
means away from openable windows and underground drains in accordance with 
AS/NZS 1596 “The storage and handling of LP Gas”. 

5) The indoor-unit circuit now mostly closed-in with the addition of the proposed 
solenoids may require over-pressure protection. This would need to be provided at 
the outside unit and the use of the Reflux system as used in automotive LPG 
propulsion container applications is considered prudent and relevant.  

6) The ignition energy levels of flammable hydrofluorocarbons are higher than those of 
hydrofluorocarbons and hydrocarbons but it has not been verified that (when mixed in 
a suitable ratio with air) they could not be ignited by, for instance, light or power 
switches. With the high voltages and currents in electrical supplies and consequent 
potentially high energies of sparks created by mains switches, the argument that 
hydrofluorocarbons are less likely to ignite than hydrocarbons cannot be sustained. In 
other words both groups will likely ignite under such high ignition energy levels. 

7) There do not appear to be any tangible advantages of hydrofluorocarbons in terms of 
LFL levels, ignitability and burning velocities in comparison with hydrocarbons. A 
tangible benefit based on LFL would only exist if the LFL’s of such compounds were 
at least an order of magnitude higher than propane, which would mean in the order of 
200,000 ppm. Most complex flammable substances have LFL’s that are still ½ to ¼ of 
the value of the LFL of propane. 

8) A number of complex substances are heavier than propane. The increased pooling 
effect of these heavier than air and also heavier than propane substances 
depreciates any benefits in terms of LFL’s etc., simply because they could be 
expected to pool even more readily than does propane.  

9) In a system charged with conventional refrigerants toxic compounds may be formed if 
such refrigerants are present in a fire (even if they are non-flammable). This is due to 
the heat causing chemical decomposition of the molecules. However, by the time a 
fire has developed to such a point that this could occur any surviving occupants 
would already have left the premises. However if the refrigerant is readily combustible 
and is the source of the house fire the issue of toxic gas generation becomes much 
more acute. Given the conclusions of 6, 7, and 8  advantages of using flammable 
hydrofluorocarbons in comparison to hydrocarbons cannot be identified. 

10) Based on conclusion 6, 7, 8, and 9 there is no apparent risk based engineering 
justification that can be formed to support the proposed increase in charge levels of 
hydrofluorocarbons beyond what is allowed for hydrocarbons. 

11) The continued use of non-flammable refrigerants is preferred. However if a change is 
required then  suitably engineered solutions charged with hydrocarbons would be 
supportable, provided the limitations of poolable and non-poolable charge levels have 
been met. 

12) The absence of information in relation to the kind of substances that may be liberated 
upon combustion or exposure to excessive heat of various flammable refrigerants 
(other than hydrocarbons) is of considerable concern. The possibility of the formation 
of extremely toxic products such as hydrogen fluoride (HF) and carbonyl fluoride 
(COF2) being formed in a house fire where these refrigerants are present cannot be 
discounted.  Carbon tetrafluoride, or tetrafluoromethane (CF4) is another potential 
product. While not highly toxic itself, it can readily form toxic products by further 
reaction.  In the absence of convincing evidence to the contrary, the case appears to 
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be made that flammable refrigerants other than hydrocarbons should not be 
considered. 

13) Reliance on odorants for leak detection is not feasible.  
14) TX valves that are located indoors should have the appropriate adjustment and 

refrigerant in the bulb. This technical requirement provides a further impediment to 
retrofitting existing systems.  

15) Sudden failure of a TX valve may lead to a complete loss of charge that can exceed 
LEL levels and present a further risk.  
 

 

A.7 RECOMMENDATIONS 

It is recommended that from a consumers’ risk perspective introduction of any flammable 
refrigerants (other than in a domestic refrigerator) should be re-considered and if this is not 
possible then implement the following recommendations. 

1) Retrofitting is not considered viable for this category of equipment. 
2) TX valves should have the appropriate adjustment and refrigerant in the bulb. The 

manufacturer must agree with the use of HC in the TX valve. 
3) Special care must be exercised that the specifications of the TX valve are higher (with 

a considerable margin) than the maximum process safety features of pressure 
switches relief valves etc. are set at. Furthermore this pressure rating must be 
achieved at a representative test temperature. Proving pressure containment of 
10.0Mpa connected to both ports of the TX valve at 80 degrees Celsius would be 
considered a reasonable starting point. 

4) All pipes and tubes must be verified to ensure they are only subjected to pressure 
stresses and special care must be exercised that the specifications are higher (with a 
considerable margin) than the maximum process safety features of pressure switches 
relief valves etc. are set at. Furthermore this pressure rating must be achieved at a 
representative test temperature. 

5) For residential refrigerators and freezers use only hydrocarbons provided the total 
charge is less than 100-150 grams. 

6) Apply for this A category of residential single spilt wall mounted air-conditioning 
systems: 

 Dual solenoids to create (reduced) poolable quantities. 

 Provide tails that can be brazed preferably long enough to make the joint 
ideally outside, or in the ceiling space. If not possible or desirable then ensure 
the joint is enclosed in the indoor-unit enclosure where escapes will then be 
exposed to the air stream so that mixing by the fan can occur. 

 No mechanical joints in the pipework or fittings other than on the outdoor unit 
(No flared joints, compression fittings, “O”-ring seals etc.). 

 Site the outdoor unit in accordance with the requirements of AS/NZS 1596 for 
residential cylinders. 

 Multiple splits must have individual solenoids located outside the building to 
ensure that for each room the poolable quantity does not exceed 100 grams. 
Also the total non-poolable quantities need to be considered in the room that 
has the smallest credible volume. The probable result will be that it is more 
advantageous not to use multiple splits as the smallest room serviced by the 
smallest indoor-unit will dictate the total non-poolable charge.  

 Use flammable refrigerants that are hydrocarbon based as other compounds 
are likely to give rise to issues with toxic substances for no material benefits 
in terms of flammability. 

 Room air conditioners would require sealed separation between the outdoor 
and indoor sections and solenoids to meet the requirements of split systems. 
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 Observe the installation height of indoor-units that should be at least 1200 
mm. 

 Conversion of existing equipment to hydrocarbon based refrigerants is not 
considered feasible. Refrigerants of “B” classification should not be used in 
residential applications due to their greater toxicity (than “A” class).  

7) Apply a check for total charge that establishes the total charge that can leak in the 
space serviced by the single split system to be the less than. Room volume x LFL x 
maximum  concentration x density= maximum charge. In numbers that is for propane: 
room volume x 0,021x 0.4 x 1.9 = maximum charge in kg.  

8) All gas used by field personnel be odourised to an adequate standard that meets the 
outcome of dosing propane with 35 mg/kg of ethylmercaptan in cylinders that are not 
the subject of odourant fade. 

9) For ducted splits the same recommendation as listed in item 4 can be made provided:  
a) The volume dampers are linked so that the connected room volume is no less than 
50% the served volume by the AC unit under any circumstance. 
b) The charge is based on the volume derived under item 6a) 
c) The ducted split is fitted out with tails that are brazed and no mechanical couplings 
are used 
d) The unit is mounted in a ventilated roof that has wirly birds or other devices fitted. 
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B.1 AUTOMOTIVE 

This section covers automotive applications. Generally the risk models are similar, though 
poolable and non-poolable concepts need to be viewed in a different light. There is a greater 
reliance on the input of the vehicle manufacturer, who may or may not have considered the 
aspects raised here. The vehicle manufacturers may have introduced other strategies not 
considered here and that lead to the same reductions of risks. Also vehicle manufacturers 
may have access to data from indoor-unit leakage and incidences that allow them to perform 
a Quantitative Risk Assessment (QNRA). The section below is written around the 
expectation that the Thermal Expansion valve or TX valve is located outside the cabin. If the 
TX valve is inside the cabin in particularly with mechanical joints then the use of flammable 
refrigerants should never be contemplated.  

 

B2. RISKS 

As shown in Table 1, any deflagration involving in the order of 100-200 grams of 
hydrocarbons is likely to cause fire with the possibility of death or major injury. Before such 
an event takes place, pooling of the LPG would have been very likely to have occurred, in 
order to reach such ideal combustion conditions. Therefore the prevention of pooling is the 
key to any risk mitigation strategy.  

At present the consumer is generally not exposed to any of these risks as non-flammable 
refrigerants are used. A basic conversion of existing equipment will expose the user to an 
increased risk as in the case of current vehicle type air-conditioners the charge often 
exceeds 500 grams. 

 

B.3 QUALITATIVE VERSUS QUANTITATIVE RISK ASSESSMENTS 

A Quantitative Risk Assessment (QNRA) would consider options ranging from no action 
through to the elimination of flammable refrigerants. The cost to society and individuals 
would be weighed against the risk to arrive at a largely economic argument as to what is 
required. A large amount of data and number references would be required. In this case 
there is virtually no useable statistical data available for even a first step to commence a 
Quantitative Risk Assessment. Furthermore, in this case, the hazard can be virtually 
eliminated. Therefore, given the fact the consumer does not currently suffer this risk at all 
(with the exception of the few vehicles AC’s that operate with propane refrigerant), a 
Quantitative Risk Assessment is impractical and should not be attempted. 

A Qualitative Risk assessment (QLRA) would be based on identifying the hazard and 
comparing that to the possible consequences. Since the consequences include death, major 
injury and large potential material losses, the frequency of such events has to be brought 
down to at least remote and preferably to hypothetical possibilities. From incident 
investigations that have been conducted, it is clear that to arrive at such low frequencies 
additional engineering controls are required. 

 

B.4 POOLABLE QUANTITY VERSUS NON-POOLABLE QUANTITY 

The concept of operations under which a heavier than air gas is poolable and where it is not 
non-poolable are similar to those considered in Section A.4, to which the reader is referred. 
There are, however, some changes that arise from the different applications (domestic vs 
vehicle). 
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Poolable Quantity 

As in Section A.4, the poolable quantity (of refrigerant) is the amount of heavier  than air 
flammable refrigerant that is available to stratify in a space is determined by the leakage rate 
and duration as well as the level of air movement or absence thereof. Such pooling can lead 
to flammable (often explosive mixtures) that occur with the total mass of released gas being 
only a fractions of the amount that would be required if the gas was uniformly mixed 
throughout the entire volume of the conditioned space (in this case the cabin). 

The introduction of two solenoids in the refrigerant circuit situated under the bonnet is 
advocated in order to prevent the flow of refrigerant in either direction when the unit is not 
operating. This will limit the quantity of refrigerant that could be leaked into the cabin (the 
poolable quantity) by preventing the flow of any refrigerant between the under bonnet area 
and the indoor-unit. The quantity of liquid in the lines and the vapour in the vapour line and 
indoor-unit combined should not exceed 25 grams.    

In summary, this paper advocates that the poolable quantity of flammable refrigerant should 
be limited to 25 grams per vehicle. This quantity cannot be justified on the basis of dilution 
but is set around the amount of energy that releases and the relatively high survivability of an 
ignition event that involves the energy release of such quantity of propane. 

 

Non-poolable Operation 

When the unit is in operation the above mentioned solenoids will be open and therefore, in 
theory, the total amount of heavier than air flammable refrigerant that is in the closed system 
and that could potentially leak into the indoor space. If the quantity was sufficiently large such 
leaked gas could form an explosive mixture in the cabin. When the unit is in operation the 
indoor-unit fan provides circulation of air in the cabin and the possibility of pooling is 
negligible. It follows that a greater quantity of flammable refrigerant can be allowed to 
communicate with the conditioned space under non-unpoolable rather than poolable 
conditions. However, the total refrigerant quantity should not exceed 20% of the LFL in the 
space during any time the escape takes place, which, for propane, is 0.4% by volume. To 
provide such concentration the vehicle manufacturer may need to consider minimum fan 
speeds. 

Unlike a dwelling, the cabin volume is relatively small and the AC system usually draws in 
fresh air continuously. However, the possibility that the air conditioner is operating in a mode 
in which fresh air is not being drawn in limits the charge of flammable refrigerant to the above 
level, that is, the mass equivalent to 0.4% by volume in the cabin. To increase the system 
charge quantity or (non-poolable quantity) beyond this the vehicle manufacturer may need to 
consider a minimum fresh air intake settings that are higher than nil. 

 

B.5 RISK MITIGATION STRATEGIES 

These strategies are discussed here. 

1) Use of non-flammable refrigerants. This is by far the preferred strategy, but does not 
appear possible in the longer term. 

2) Removal of pooling of flammable fluoro- and hydrocarbons. This can be achieved by 
providing air movement with the indoor-unit fan when it is operating. Once air and 
heavier than air gases have mixed they will not spontaneously separate and ignitable 
pockets will not form from mixtures of sub-LFL concentrations. 

3) Implement risk strategies as derived by the vehicle manufacturers. 
4) Consider indirect systems whereby the refrigeration cycle is entirely kept outside the 

vehicle cabin. 



  
 

- 25 - 

 

5) Use of hydrofluorocarbon based compounds that are flammable requires risk 
considerations that are additional to those already identified as required for 
hydrocarbons. The main reasons are:  

 Improved safety from using these substances from flammability considerations 
would only be worthwhile if the LFL levels were an order of magnitude higher than 
propane, that is, in the order of 200,000 ppm.  

 With some exceptions, as noted earlier in this report, the burning velocities are in 
the same order of magnitude as hydrocarbons and therefore the rate of over-
pressure generation in the event of an ignition is not substantially reduced. 

These refrigerants are often more complex compounds than hydrocarbons. Some of these 
compounds are likely to release highly toxic products if they are present in a fire. In addition, 
and with the exception of R-1234yf, it is not clear that the minimum ignition energies of these 
compounds are greatly higher than that of propane. 

 

B.6 CONCLUSIONS 

1) Retrofitting is not considered viable for this category of equipment and indirect 
systems, with a heat exchanger located under the bonnet, would be the only viable, 
safe option. The existing evaporator would be likely suitable to work with liquid media 
such as glycol water mixtures.   

2) New automotive air-conditioners that operate with flammable refrigerants must be 
fully sealed inside the cabin and there must not be any mechanical joints or TX valves 
inside the cabin. 

3) Outside outdoor-unit systems are to be equipped with refrigerant lock-in solenoids so 
to further reduce the possible release of flammable refrigerant when the system is not 
in-use and the vehicle might be stationary with doors and windows shut, therefore 
creating ideal conditions for pooling to occur in the event of a leak. 

4) With the installation of the solenoid pair, as recommended above, the indoor-unit 
circuit would be mostly closed and may require over-pressure protection. This would 
need to be provided at the outside unit and use of the reflux system, as used in 
automotive LPG container applications, is considered prudent and relevant.  

5) The ignition energy levels of flammable hydrofluorocarbons are higher than those of 
hydrofluorocarbons but, given that these cannot be verified as sufficiently high as not 
to be ignitable by light and power switches, the argument in favour of 
hydrofluorocarbons on this basis cannot be sustained. 

6) Hydrofluorocarbons do not appear to offer tangible advantages over hydrocarbons of 
LFL levels and, with some exceptions, such as R-1234yf, ignitability and burning 
velocity. A tangible benefit in terms of LFL would only exist if the LFL of such 
compounds were an order of magnitude higher than propane that, that is some 
200,000 ppm. Most flammable, chemically complex refrigerants have LFL’s that are 
only 2 to 4 times that of the LEL of propane. 

7) A number of these substances are denser (“heavier”) than propane and that may be 
expected to make them even more susceptible to pooling than is propane. 

8) In a system charged with refrigerants containing halogens (commonly chlorine and/or 
fluorine atoms) highly toxic products may be formed when the refrigerant is exposed 
to excessive heat, as in a fire.  With non-flammable refrigerants, by the time the fire 
has developed any surviving occupants are likely to have already left the vehicle and 
the immediate surrounds. However if the refrigerant becomes the source of the 
vehicle fire it provides a mechanism for the creation of these toxic components and 
this gives rise to serious health effects (see point 11 below). 

9) Given the conclusions of 4, 5, 6 and 7 any advantages of using flammable 
hydrofluorocarbons in comparison to hydrocarbons cannot be identified. 
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10) Based on conclusion 4, 5, 6, 7 and 8 there is no apparent risk based engineering 
justification that can be formed to support increasing the charge levels of 
hydrofluorocarbons to beyond that what has been proposed for hydrocarbons. 

11) The continued use of non-flammable refrigerants is still preferred. However if a 
change is required, it will support suitably engineered solutions where hydrocarbons 
are used, provided the limitations on poolable and non-poolable charge levels have 
been met.  

12) As noted in point 12 of Section A.6 above, Information of complex refrigerant 
compounds in relation to the kind of substances that may be liberated upon exposure 
to excessive heat (as in a fire) does not appear to be available and this is a matter of 
considerable concern. From the currently available information the possibility of highly 
toxic products, such as hydrogen fluoride and carbonyl fluoride, being formed in a 
vehicle fire where these refrigerants are present cannot be discounted. 

13) Reliance on odorants for leak detection is not feasible.  
14) An incident investigation of a truck with a converted AC system showed that the 

conversion to so called “natural refrigerants” went ahead despite conclusion 1 not 
being met. In addition the TX valve was located inside the cabin. That TX valve 
catastrophically failed and the occupants got very badly injured as a result of the 
ignition of the charge which reportedly less than 500 grams. 
 

 

B.7 RECOMMENDATIONS 

1) From a consumers’ risk perspective introduction of any flammable refrigerants should 
be re-considered and if this is not possible then implement the following 
recommendations; 

2) Converted systems such the entire refrigeration cycle is kept outside of the cabin with 
a secondary cycle with glycol or similar medium communicating between the inside of 
the cabin and the refrigeration cycle outside the cabin. 

3)  High pressure cut-off switches and full size safety relief valves shall be used in all 
cases. The relief valves shall point away from any part of the fuel system and AC 
system to remove the risk of flame impingement. 

4) Special care must be exercised that the specifications of the TX valve are higher (with 
a considerable margin) than the maximum process safety features of pressure 
switches relief valves etc. are set at. Furthermore this pressure rating must be 
achieved at a representative test temperature. Proving pressure containment of 
10.0Mpa connected to both ports of the TX valve at 80 degrees Celsius would be 
considered a reasonable starting point. 
 

5) Apply for this B category of New automotive air-conditioning systems: 

 Accept and implement relevant risk mitigation strategies instigated by vehicle 
manufacturers and or; 

 Dual solenoids to create poolable and non-poolable quantities in retrofit 
installations that are not supported by the OEM of the vehicle, and; 

 No mechanical joints inside the cabin (no flared joints, compression fittings, O-
ring seals etc.) and; 

 No TX valves inside the cabin. 

 Use of flammable refrigerants that are hydrocarbon based (otherwise issues 
may arise with toxic gases) and; 

 Refrigerants of “B” classification should not be used in automotive applications 
due to their greater toxicity (than “A” class).  

 Recycle air should be set to a minimum fresh air setting at all times, and 
estimated 50% fresh air is deemed adequate. 
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 TX valves should have the appropriate adjustment and refrigerant in the bulb. 
The manufacturer must agree with the use of HC in the TX valve. 

 All pipes and tubes must be verified to ensure they are only subjected to 
pressure stresses and special care must be exercised that the specifications 
are higher (with a considerable margin) than the maximum process safety 
features of pressure switches relief valves etc. are set at. Furthermore this 
pressure rating must be achieved at a representative test temperature. That 
means that the externally mounted valves and hoses must not be supported 
by the tails of the evaporator extending out of the fire-wall and require their 
own support. 
 

6) All gas used by field personnel to be odourised to an adequate standard that meets 
the outcome of dosing propane with 35 mg/kg of ethylmercaptan in cylinders that are 
not the subject of odourant fade. 
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C.1 COMMERCIAL AND INDUSTRIAL 

This section covers commercial and industrial applications. Generally the risk models are 
similar to those considered above in Sections A and B but the controls are likely to be 
different. Whilst for small split type air-conditioning systems in commercial settings the 
suggestions in Section A would apply, for larger commercial systems the poolable and non-
poolable concepts developed above would not be applicable in most cases. In addition cool 
rooms are usually well sealed and not ventilated, which adds a further level of concern.  

Unlike the situation described in Section B, where for new systems the criteria and research 
performed by vehicle manufacturers is relevant, this kind of development work derived from 
mass produced items is not available in commercial and industrial applications, which are 
often purpose built and of unique construction. 

 

C.2 RISKS 

As Table 1 in the Introduction shows the deflagration of 100-200 grams of hydrocarbon has 
the potential to cause injury or death. Such combustion event is likely to be the result of 
pooling of the fugitive LPG. Therefore, as in the cases described in Sections A and B, the 
prevention of pooling is the key measure in any risk mitigation strategy.  

At present the consumer, worker or visitor to a commercial or industrial plant is not usually 
exposed to the risks posed by flammable refrigerants as non-flammable varieties are 
predominantly used. A conversion of existing equipment without mitigation measures would 
expose the users and possibly others to a totally unacceptable and increased risk as in some 
case charges will be in the range of 10 to 500 kg. Ignition sources are plentiful and include 
items such as computers, water fountains, printers and electrical switches. In larger cool 
rooms there are electric and LPG powered forklift trucks amongst other items of machinery 
also to consider. Furthermore, this is in the context of very low ventilation rates in these 
enclosures. 

Given the high quantities of refrigerant charges in industrial systems the risk of this category 
is well documented. Information relating to the Tamahere cool room explosion can be found 
at: 

http://www.fire.org.nz/Media/News/2008/Pages/Tamahere-Icepak-Coolstore-report-
released.aspx 

 

C.3 QUALITATIVE VERSUS QUANTITATIVE RISK ASSESSMENTS 

Issues relevant to risk assessments (QNRA’s and QLRA’s) are essentially similar to those 
described in the corresponding sections above. The relevant aspects are repeated here for 
convenience. 

A Quantitative Risk Assessment (QNRA) would consider options ranging from no action 
through to the elimination of flammable refrigerants. The cost to society and individuals 
would be weighed against the risk to arrive at a largely economic argument as to what is 
required. A large amount of data and number references would be required. As in the 
corresponding cases of Sections A and B there is virtually no useable statistical data 
available for even a first step to commence a Quantitative Risk Assessment. Furthermore, in 
this case, the hazard can be virtually eliminated. Therefore, given the fact the consumer does 
not currently suffer this risk at all. A Quantitative Risk Assessment is impractical and should 
not be attempted. 

http://www.fire.org.nz/Media/News/2008/Pages/Tamahere-Icepak-Coolstore-report-released.aspx
http://www.fire.org.nz/Media/News/2008/Pages/Tamahere-Icepak-Coolstore-report-released.aspx
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A Qualitative Risk assessment (QLRA) would be based on identifying the hazard and 
comparing that to the possible consequences. Since the consequences include death, major 
injury and large potential material losses, the frequency of such events has to be brought 
down to at least remote and preferably to hypothetical possibilities. From incident 
investigations that have been conducted, it is clear that to arrive at such low frequencies 
additional engineering controls are required. 

 

C.4 POOLABLE QUANTITY VERSUS NON-POOLABLE QUANTITY 

The argument used in Section A relating to this applies to small domestic systems in 
commercial settings and the reader is referred to Section A.4. 

For cool rooms where there are very small volumes and no ventilation even this option is not 
likely to be a satisfactory solution. 

There may be some opportunities that can be explored for small coolroom systems: 

1. If small systems can be equipped with a fan that is under right angles with the 
conventional air path through the indoor-unit and operates 24/7, and 

2. Its airflow detected and  

3. The outdoor unit is equipped with solenoids that shut on lack of airflow of this 
additional 24/7 fan, and 

4. The total charge after allowing for a volume reduction for stock (typically 50%) and a 
LFL percentage of 40% is less then follows from the equation Volume x stock 
reduction x 0.021 x 0.40 x 1.9= maximum charge in kg 

Then small coolrooms could be considered safe to continue as Dx applications.  

 

C.5 RISK MITIGATION STRATEGIES 

The strategies discussed here have much in common with the corresponding sections 
considered above. 

1) Use non-flammable refrigerants. This is by far the preferred strategy, but does not 
appear possible in the longer term. 

2) Using hydrofluorocarbon based compounds that are flammable require risk 
considerations that are additional to those already identified as required for 
hydrocarbons. The main reasons are:  

 The safety improvement derived from using these non-hydrocarbon substances 
(complex hydrofluorocarbons) in terms of their combustibility and ignitability of 
their mixtures with air would only be worthy of consideration if LFL levels were an 
order of magnitude higher than propane, which is some  2% or 20,000 ppm by 
volume. Therefore unless LFL’s of these substances are in the order of 200,000 
ppm or higher the advantage offered by these compounds is limited.  

 The burning velocities of these complex compounds are, with some exceptions, 
such as R-1234yf, similar to those of hydrocarbons. As noted above burning 
velocity is an important factor as the rate of over-pressure generation in a 
deflagration is a strong function of the burning velocity.  

 These refrigerants are often compounds that are more complex than 
hydrocarbons and contain halogens (often chlorine and/or fluorine atoms) Some 
of these compounds might reasonably be expected to generate highly toxic 
products (such as hydrogen fluoride and carbonyl fluoride) when they are burnt or 
exposed to excessive heat, as in a fire. In addition, with the exception of R 
1234yf, information establishing that their air mixtures have very much (orders of 
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magnitude) higher minimum ignition energies than propane/air mixtures has not 
been found. 

3) Where the poolable and non-poolable charge limits are too low for satisfactory 
operation of the refrigeration system the units need to be installed packaged entirely 
outside in a well-ventilated area. The cooling energy is then delivered to the indoor 
space through the utilisation of fluids that do not undergo changes in phase. Typically 
these fluids include water, brine, glycol, light oils etc.  

4) Outdoor units must be installed in accordance with the requirements of  AS/NZS1596 
“The storage and handling of LP Gas” 

5) If the units have open drive compressors, gas leakage detection may have to be 
considered. 

6) Burst discs should be phased out and be replaced with pressure safety relief valves 
where the discharges are at the highest locations and pointing away from vessels and 
pipework. Vessels should be made of steel of at least 3.00 mm thick. Vessels may 
have to be shielded and relieve valves should point away and be sized with relevant 
standards for LPG storage containers. Relief valves should not be fitted with pipe 
aways. These measures are required to mitigate risks of BLEVE’s. 

7) Pressure cut out switches and relief valves shall have operating windows that are 
separated from bursting pressures at acceptable levels typically more than 50% of 
yield. 

8) Where the system charge exceeds 500 or 1000 kg, depending on the local 
jurisdiction, dangerous goods licences may have to be obtained.  

 

The listings here attempt to address the main categories of equipment and risk based 
treatment that requires consideration to avoid flammable refrigerant leaking into parts of a 
building. It does not attempt to address all configurations but is intended to communicate 
various risk considerations that have been included. 

Item Location Treatment  Comment 

Packaged chillers, 
semi hermetic 

Rooftop Potentially 
convertible to any 
flammable refrigerant  

 

Small split systems Wall mounted  See residential Similar treatments 
and risk profiles. 

Packaged chillers, 
semi hermetic 

Plant room on roof Potentially 
convertible to any 
flammable refrigerant 
ensure ventilation is 
relevant and entry 
into the enclosed 
building space is 
unlikely  

May need some form 
of gas detection and 
isolation to reduced 
escapable quantities. 

Packaged chillers, 
semi hermetic 

Inside buildings or 
basements 

Not convertible under 
any circumstance 

Inability to deal with 
major discharges of 
flammable refrigerant 

Packaged Chillers, 
open drive 

Anywhere Not convertible under 
any circumstance 

Inability to deal with 
major discharges of 
flammable refrigerant 
especially sudden 
large releases due to 
seal failure 
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Cool and freezer 
rooms, any size 

Anywhere Not convertible under 
any circumstance 

Due to low ventilation 
in these enclosures. 

New systems require 
intermediate heat 
exchanger and liquid 
circuit to transfer 
cooling energy 
safely, see also 
notes in C.4 

Packaged air-
conditioning units 
with supply and or 
return air ducts 
connected to outside 
indoor-units 

Anywhere Not convertible under 
any circumstance 

Due to possibilities 
low ventilation in 
parts of the building 
the poolable and 
non- and poolable 
quantities will be 
exceeded. 

New systems require 
intermediate heat 
exchanger and liquid 
circuit to transfer 
cooling or heating (in 
case of reverse 
cycle) energy safely 

Small Refrigerated 
displays super 
markets etc. 

Anywhere Contents less than 
200 grams refer 
residential fridges 

 

Large refrigerated 
displays super 
markets etc. 

Anywhere Contents in excess 
of 200 grams, Not 
convertible under 
any circumstance. 

Due to low ventilation 
in these enclosures. 

New systems require 
intermediate heat 
exchanger and liquid 
circuit to transfer 
cooling energy safely 

 

C.6 CONCLUSIONS 

1) Charge levels in the commercial and industrial refrigeration systems are generally too 
large to be accommodated within the concepts of pooling and the Purdue work noted 
above. There may also be chillers and plant located in basements which are totally 
unsuitable for conversion to flammable refrigerants. On the other hand semi-hermetic 
roof top packaged chillers may be converted with minimal issues and considerations.  

2) The variety of applications is too large to provide a uniform set of guidelines and 
installers and converters need to seek expert advice before converting existing 
equipment that can be converted.   

3) In a system charged with conventional refrigerants, toxic compounds may be formed 
from the combustion or exposure to excessive heat of those refrigerants. However, by 
the time the fire has developed any surviving occupants would be likely to have 
already left the premises. In contrast, if the refrigerant becomes the source and of the 
fire or burns readily this greatly magnifies the potential for the creation of toxic 
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products and serious health effects for the surviving occupants are a distinct 
possibility. 

4) With installations predominantly expected to be outside of buildings and away from 
ignition sources the possibility of circumstances leading to toxic gas creation should 
be minimal provided the refrigerant is not piped into the building. 

5) The continued use of non-flammable refrigerants is preferred. However if a change is 
required, it will support suitably engineered solutions charged with hydrocarbons. The 
issue of toxicity associated with complex compounds does not appear to be as strong 
for installations that are entirely external to the enclosed spaces. 

6) Reliance on odorants for leak detection is not feasible.  
 
 

C.7 RECOMMENDATIONS 

From a consumers’ risk perspective introduction of any flammable refrigerants should be re-
considered and if this is not possible then implement the following is recommended: 

1) For small commercial refrigerators and freezers use hydrocarbons provided the total 
charge is less than 200 grams. 

2) Apply for this C category of split air-conditioning systems same as for those in 
recommendations A7 items 1 to 9. 

3) Conversion of existing equipment to hydrocarbon based refrigerants is generally not 
considered feasible with the exception of certain chillers. 

7) Refrigerants of “B” classification should not be used in commercial applications due to 
their greater toxicity (than “A” class) unless the installations are entirely outside. 

8) Consider the recommendations made in the table in section C5. 
9) Apply BLEVE prevention strategies as outlined in C5 point 6. 
10) All gas used by field personnel to be odourised to an adequate standard that meets 

the outcome of dosing propane with 35 mg/kg of ethyl-mercaptan in cylinders that are 
not the subject of odourant fade. 
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ATTACHMENT  

Research into pooling carried out in June 2012 
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EXECUTIVE SUMMARY 
 

 

Executive Summary 

 

It is well established that liquefied petroleum (LP) gases, commercial propane and butane in 
particular, have a tendency to “pool”, that is to accumulate at low level. This is recognised in 
relevant literature and some Australian and international standards when specifying 
allowable leakage quantities. However, in other cases the pooling tendency is not recognised 
and the calculated allowable release is based on the assumption of complete mixing. 

 

It was therefore decided to carry out a series of tests to establish the extent to which carbon 
dioxide released at low elevation above the floor level in a room with minimal air exchange 
rate dispersed both horizontally and vertically. Carbon dioxide was used in the tests as a 
surrogate for propane due to its similar density, ease of measurement and non-flammability. 
In the tests CO2 was released at relatively low velocity (below 25 m/s) in five cases and high 
(sonic) velocity in one instance.   

 

In five tests (Tests 1, 2, 3, 4 and 6), where the CO2 was released from a 4.57 mm internal 
diameter stainless steel tube set at either 50 or 400 mm above the floor level a strong 
concentration gradient appeared, with much higher concentrations at low level than at higher 
elevations. The concentration ratio between low and high level samples in one case of the 50 
mm release reached 20:1. In the case of the 400 mm release the comparable ratio peaked at 
approximately 10:1.  It was also found that the gas rapidly spread over the floor surface with 
little difference being recorded at four remote sampling points set at 50 mm above the floor 
level. These points also showed similar concentrations to a sample point set at floor level. 
The above observations were essentially similar for release heights 50 mm and 400 mm 
(though there were somewhat higher concentrations at the 500 mm elevation level in the 
latter case under otherwise comparable conditions).  

 

The release velocities from the stainless steel tube were in the order of 5 m/s in three of the 
five tests (Tests 2, 3 and 4) and 25 m/s in Test 6. In Test 1 the average release velocity was 
approximately 11 m/s. However, the results from Test 1 are not considered quantitatively 
reliable as the pressure control for the CO2 was inadequate and the injection rate of CO2 
was not constant throughout the test, also the room light was left on during the test and this 
may have assisted in promoting mixing. The results from Test 1 should therefore be 
considered as semi-quantitative only.  

 

In contrast to the situation when the CO2 was released from the stainless steel tube (the low 
velocity injector), when it was released at high (sonic) velocity from a gas injector (Test 5) 
with a driving pressure of approximately 100 kPa, there was practically no concentration 
gradient formed. Sonic velocity for CO2 under the prevailing conditions is some 260 m/s and 
this high velocity appears to be effective in creating a strong mixing effect between the jet 
and the external air. It is of course the case that gas injectors are intended to inspirate 
primary air in their intended mode of operation in burners and usually with far lower driving 
pressures than 100 kPa.       
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The concentration gradients generated in the room (Tests 2, 3, 4 and 6) gradually dissipated 
on standing over several hours. Once equilibrated the CO2 remaining afforded a way of 
testing the air exchange rate in the test room. This was possible in Tests 2, 3 and 6 and the 
result was close to 0.2 ACH in each case. Prior to conducting the tests, the room was sealed 
with masking tape over adventitious ventilation openings (around doors and window frames) 
and vents and the weather was calm throughout almost the entire duration of this work.   

 

The results obtained support the widely held belief that LP gas can pool and demonstrate 
some very high concentration ratios. It may be noted that, if the gas used had in fact been 
propane rather that CO2, in some instances the concentration would have exceeded the 
upper flammability limit at or near floor level, while being below the lower flammability limit at 
greater elevation (one metre, for instance). In between these extremes, a flammable (and 
therefore ignitable) gas mixture would have existed. In other instances the upper flammability 
limit was not reached by the lower flammability was exceeded and, again, such a mixture 
would be ignitable.     
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1. Introduction 
 

At the request of Mr David Robertson, Principal Engineer Gas Utilisation, of the Department of 
Commerce, EnergySafety Division, tests were conducted to establish the tendency of carbon 
dioxide (CO2) released into a room with a low level of ventilation to form a concentration 
gradient, with high concentrations at floor level and reduced concentrations at higher 
elevations. Such behaviour is known a “pooling” and it is recognised that it can occur with 
propane [1, 2]. In the present tests CO2 was used rather than propane for reasons of ready 
availability, safety and ease of measurement. It is also reported that CO2, which has a very 
similar density to propane gas, is a good surrogate for propane in gas migration studies [3]. It 
may, however, be noted that propane has a substantially lower viscosity than CO2 and it not 
known if, or to what extent, this may detract from the validity of using CO2 as a surrogate.  

 

The rationale behind the tests was that while some standards dealing with allowable releases 
of propane (also known as R 290 in refrigerant terms) treat the release situation as one of 
complete or perfect mixing, while others consider its pooling tendency. Examples of the former 
category are AS/NZS 1677.1:1998 and AS/NZS 1677.2:1998, that invoke the “practical limit”, 
which for R 290 (propane) is approximately 1/5th of the lower flammability limit. In contrast 
standards such as AS 60335.2.40-2006 and EN 378-1-2008+A1:2010 consider the pooling 
tendency of propane and adopt a formula developed in work carried out at Purdue University in 
the United States in 2000 [4].   

 

The work at Purdue showed a strong pooling tendency for propane and this is reflected in the 
formula developed, by which the allowable release is dependent on the height it takes place at. 
Jabboour and Clodic [5] found that even the Purdue formula was not conservative for low level 
(below about 0.6 metre) leaks.     

 

 

2. Experimental Details 
 

Six tests were carried out where CO2 was injected into sealed room at 7 Sion Close Waterford, 
Western Australia between 15th and 20th May 2012 to establish the extent to which vertical 
concentration gradients formed. The tests were conducted by Dr John Bromly of EnergySafety 
and Mr Peter Godden of PSG Gas Consultants.  

 

2.1 General 
 

In these tests CO2 was injected from one of two injectors into a well (though not perfectly) 
sealed room. The injectors are termed “low” or “high” velocity and the injection was set at a 
height above the floor level of either 50 mm or 400 mm. The injectors, described in Section 2.4 
below, released CO2 at rates of up to approximately 25 m/s in the low velocity case and sonic 
velocity (approximately 260 m/s) in the high velocity case.  

 

The CO2 concentration was monitored at ten points. In five of the six tests conducted, seven of 
the sample points represented different elevations at the same point (XY plane) in the room, 
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while the other three were at low level (50 mm) at different points in the room. In Test 6, eight 
one of the “XY” sample points (No 8) was shifted to draw sample gas from just below ceiling 
level. The sample points are described in Section 2.2 below. 

 

In carrying out the tests CO2 was injected until a relatively high (in the order of 10%) was 
reached at low elevation and then the CO2 supply was turned off. The room was then left to 
stand, in some cases until the CO2 concentration equilibrated throughout the room (as indicated 
by essentially the same concentration reading from all sample points) and, further, the decline 
in the equilibrated concentration was monitored in order to measure the inherent air exchange 
rate within the test room.  In the case of Test 5, in which the high velocity injector was used, the 
above procedure did not apply as near complete mixing occurred instantaneously.    

 

2.2 Test Room, Injection and Sample Points 
 

The room where the tests were carried out was of dimensions 5.55x3.9x2.4 m giving a volume 
of approximately 52 m3. The 5.55 m dimension runs east-west and the 3.9 m north-south. The 
room had painted walls and ceiling and a recently installed wooden floor, none of these 
materials is expected to absorb or be reactive to CO2 to any significant extent. During the tests 
obvious adventitious ventilation openings (window frames and around doors) as well as vents 
were covered with masking tape to reduce air infiltration. All furniture was removed from the 
south wall (along which the CO2 release occurred) and place along the north wall, so as to 
avoid interference with the release plume.  

 

The release point was 150 mm from and parallel to the south wall and set at either 50 mm 
(Tests 1,2,3) or 400 mm (Tests 4,5 and 6) above floor level. The release point was some 700 
mm from the east wall (to accommodate the length of the injectors). A (closed) door is situated 
about half way along the south wall,    

 

Ten sample points were used in the tests. Eight of these were attached to a PVC frame 
“sampler” 3.1 m from the east wall and 1.3 m from the south wall. The sampler had seven rigid 
“poly” sample tubes with protruded 400 mm in the south direction (meaning that the samples 
were drawn 900 mm from the south wall) and set at various heights (summarised below). The 
objective of this configuration was to avoid disturbance of the plume as far as possible. A 
further sample point (No 8) was located at the base of the sampler facing north in all tests 
excepting Test 6, when it was moved to draw sample gas from close to the ceiling. The 
positions of all sample points are given in Table 1 below. Photographs of the location are also 
presented.  

 

2.3 Sampling 
 

Samples were drawn through flexible 4 mm ID Holman “Ezy Flex” poly tube to a manifold 
consisting of eleven “poly” taps that were used to select the required sample or draw in “fresh” 
air. The outlet line from this manifold led to the CO2 analyser. At the inlet end rigid “poly” tube 
(also 4 mm ID) was attached to the flexible tubing in order to allow sampling from set positions 
(see photographs). The tubes and taps are of the kind used in small scale drip water 
reticulation systems. The CO2 analyser used (see below) was able to draw sample at a 
sufficiently high rate (approximately 1.2 L/min) through the sample tubes and manifold to permit 
a conveniently rapid response on switch sample selection. In each case the lines were checked 
for leakage and found to be sound.  
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Table 1 

Sampling Locations (Tests 1 to 5) 

 

 

Notes: 

1. Notation “1.3E,0.9S” refers to 1.3 m from the east wall and 0.9 m from the south wall, etc.  
2. Heights are in mm 
3. In Test 6 sample point 8 was moved to 3.1E,1.3S and 2.390 high (10 mm from ceiling) 
4. Test point 10 was surrounded by pieces of furniture 
5. Height “0” refers to floor level sample 

 

Photograph 1 

The room and sampler 

 

 

Notes: 

Sample points 1 to 7 are seen mounted on the PVC sampler. Sample point 8 is on the “third leg” of 
the tripod 50 mm above floor level and the tube to sample point 9 can be seen in the direction of the 
window. Two temperature recorders are also attached to the frame.  
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Photograph 2 

Sample manifold on plastic table 

 

 

 

 

Note: 

The manifold was on a plastic table in an adjacent room (to the test room) where the controls and 
instruments were located. 

 

2.4 CO2  Metering and Injector 
 

The source of the CO2 was a cylinder located outside with a first stage regulator fitted. In Tests 
2, 3, 4 and 6 the gas was passed through some 5 m of Nylex tubing to a second stage (Fisher 
67) regulator and from there through a further 5 m of Nylex to an adjacent room (to the test 
room) where the controls and instruments were located.  In all tests other than Test 5, the CO2 
passed via a restricting valve through a meter and then to the injector. In Test 5, because of the 
high pressure involved, the meter and second stage regulator were removed. The first stage 
regulator became quite cold due to the expansion of the gas, however, the gas gained sufficient 
heat to be not noticeably cold by the time it reached the second stage (Fisher 67) regulator. In 
Test 1 the second stage regulator was not used and this was the reason for the poor pressure 
control in that test, as note elsewhere. The meter and other instruments are described below.  

 

Two injectors were used, a “low velocity” injector (all tests other than Test 5), which consisted 
of a 510 mm long section of 4.57 mm ID stainless steel and a “high velocity” gas injector with a 
1.00 mm orifice (Test 5). The length to diameter ratio of the low velocity injector was sufficient 
that entry effects would dampen out and “well developed” flow should have existed at the exit. 
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In tests 1 to 3 the injector was set 50 mm above floor level and in tests 4 to 6 at 400 mm. In all 
cases the injectors (both high and low velocity) were situated 150 mm from the south wall and 
injected a plume parallel to that wall. The exit point was some 700 mm from the east wall. 

 

Metering was with an American Meter Company DTM-200A test meter (serial number 
T944470) of 10 L/rev. This meter had been calibrated against a 2.5 litre standard “proving 
bottle” in September 2010.  

 

 

Photograph 3 

The low and high velocity injectors 

 

   

Note: 

The high and low velocity injectors (the third photograph is of the high velocity injector sectioned). 

The tube at right angles to the high velocity injector (centre photograph) is to a pressure gauge. 

      

2.5 Instruments 
 

The experimental program required the measurement of flow, pressure, temperature and CO2 
concentrations. The instruments used in achieving this are described below. It should be noted 
that, while these are believed to be of sufficient accuracy for the relevant tests, they do not 
conform to standards required by accreditation bodies such as NATA. This is likewise true of 
the calibration gases, which are well beyond their certified date (it is considered unlikely that 
percent concentrations of CO2 would exhibit significant instability). Furthermore, the absolute 
accuracy of the concentration measurements is not critical, rather it is the relative 
concentrations at different elevations and times that is seen as of greatest significance to this 
work. No attempt has been made to quantify uncertainties in the reported results.  

 

2.5.1 CO2 analysis 
This was carried out using an ADC Mark 2 non-dispersive infra-red (NDIR) gas analyser. The 
analyser was calibrated against two standard gases; one of 0.85% and the other 4.48% CO2 in 
a mixtures containing low levels of carbon monoxide and percent concentrations of oxygen in a 
nitrogen balance. Frequent calibrations were carried out with little need for adjustment and 
agreement between the standards was excellent (that is when calibrated on one of the 
standards, the analyser read correctly on the other). The NDIR analyser was also checked 
against a Testo 325M oxygen meter. During Test 1 when the CO2 reading was 10.0% the O2 
was read at 19.1%. In fact, a 10% addition of CO2 to air is expected to correspond to 18.9% O2. 
However, the agreement is considered satisfactory and, given the nature of the analysis and 
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concentrations involved, it is likely that the NDIR analyser would be the more accurate than the 
oxygen analyser.   

 

 

Photograph 4 

ADC CO/CO2 infra-red analyser 

 

     

 

  

2.5.2 Pressure  
Pressure measurement was with Testo 510 and 511 electronic manometers as well as 
pressure gauges when higher pressure measurement was required (Test 5). The pressure of 
the gas (CO2) entering the meter was taken as it is necessary in order to correct for flow rate 
and total volume measurement. In Tests 2, 3, 4, and 6 it also served as a means of confirming 
that the flow rate remained essentially constant.   The pressure of the test room was also 
measured relative to the outside, but any elevation due to the entering gas was so low as to be 
below the resolution of the Testo 510 (one Pa). The mean sea level barometric pressure from 
the Weather Bureau was taken as the atmospheric pressure (the location where the tests were 
conducted is approximately 2 m above sea level). 

 

2.5.3 Temperature 
A range of digital temperature measurement instruments (employing K type thermocouples) 
were used as well as a liquid in glass thermometer. The test room and outdoor temperatures 
were read frequently during the tests. 

 

2.5.4 Weather 
The weather during the tests was generally very calm and the evenings cold. This is likely to be 
a factor in the low air exchange rate measured (noted subsequently).  
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3. Results and Discussion 
 

The results of the tests conducted are described below: 

 

3.1 Test 1 Conducted 15-5-12 
 

In Test 1, 0.902 scm (standard cubic metres) of CO2 were admitted between 18:35 and 19:55 
using the low velocity injector at an elevation of 50 mm above the floor. This represents an 
average release rate of 0.677 scmh (standard cubic metres per hour) and a corresponding 
velocity of some 11.5 m/s. As noted earlier the pressure control of the CO2 during this test was 
not adequate and the meter rotation speed fell during the test. Also, the room light (chandelier) 
had been left on, which may have promoted mixing of the gases due to thermal effects. 
Therefore results from Test 1 are considered indicative only and are not presented at the level 
of detail of the subsequent five tests. Nevertheless, as see in Figure 1, a very significant 
concentration gradient was found to be present in samples taken shortly before the cessation of 
CO2 injection.  

 

 

 

Figure 1. CO2 concentration vs sample point elevation above floor level. Samples taken shortly before 

CO2 injection stopped. Injection ran for 80 minutes from the low velocity injector at an elevation of 50 

mm.  

 

3.2 Test 2 Conducted 16/17-5-12 
 

In Test 2, 1.811 scm of CO2 were admitted between 13:10 and 19:25 on 16-5-12 using the low 
velocity injector at an elevation of 50 mm above the floor. This gives an injection rate of 0.292 
scmh and a velocity of approximately 4.9 m/s (taking velocity as the rate of injection divided by 
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the tube internal area). Meter timings showed that this rate was essentially constant. The test 
room was left unopened until about 08:15 on the morning of 17-5-12, during which time the CO2 
concentrations were periodically measured. 

 

From the results, which are given in Figure 2, it is evident that a strong CO2 concentration 
gradient was produced during the period when the CO2 was admitted. This gradient had largely 
decayed by 22:00 hours to an almost uniform concentration of approximately 1.25%. By 07:30 
on the following morning this had further declined to a uniform concentration of 0.185%, 
representing an air change rate of about 0.23 ACH using the equation given in Ref 6. 

 

  

 

 

Figure 2. CO2 concentration vs time for Test 2. Injection was from the low velocity injector at an elevation 

of 50 mm and ran for 375 minutes. Note that the results from sample points 8, 9 and 10 have been 
omitted, as they show similar results as point 2.  

 

 

3.3 Test 3 Conducted 17/18-5-12 
 

Test 3 was largely a repeat of Test 2, there having been some apparently anomalous points in 
the former test, as may be seen in Figure 2. In Test 3, 1.220 scm of CO2 were admitted 
between 16:05 and 20:19 on 17-5-12 using the low velocity injector at an elevation of 50 mm 
above the floor. This gives an injection rate of 0.288 scmh and a velocity of approximately 4.9 
m/s and is very similar to the injection rate in Test 2. Meter timings showed that this rate was 
essentially constant. The test room was left unopened until about 13:00 in the afternoon of 18-
5-12, during which time the CO2 concentrations were periodically measured. 
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From the results, which are presented in Figure 3, it is evident that, as in Test 2, a strong CO2 
concentration gradient was produced during the period when the CO2 was admitted. However, 
on this occasion the concentration gradient persisted for longer after the CO2 injection was 
stopped and uniformity was not shown to have been achieved until about 03:00 on the morning 
of the 18-5-12. It is not apparent why equilibration took longer on this occasion. As several 
measurement of the equilibrated concentration were taken, the CO2 concentration decay rate 
afforded a good opportunity to evaluate the inherent air exchange rate and the resulting 
calculation showed it to be 0.21 ACH; in good agreement with 0.23 ACH in Test 2. 

 

 

 

Figure 3. CO2 concentration vs time for Test 3. Injection was from the low velocity injector at an elevation 
of 50 mm and ran for 254 minutes. As before the results from sample points 8, 9 and 10 have been 
omitted.  

 

 

3.4 Test 4 Conducted 18/19-5-12 
 

Test 4 was similar to Tests 2 and 3 with the exception that the injector was set at a height of 
400 mm above the floor, rather than 50 mm as in the previous tests. In Test 4, 2.005 scm of 
CO2 were admitted between 15:00 and 22:06 on 18-5-12 using the low velocity injector. As 
noted earlier, in this instance the injector was set at an elevation of 400 mm above the floor. 
The injection rate was 0.282 scmh and the consequent velocity was approximately 4.9 m/s and 
is very similar to the injection rate in Tests 2 and 3. Meter timings again showed that this rate 
was essentially constant. The test room was left unopened until about 11:00 on the morning of 
19-5-12, during which time the CO2 concentrations were periodically measured, although in this 
test the figures were not suitable for the calculation of the air exchange rate. 
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The results of Test 4 are presented in Figure 4 below. It is seen that a concentration gradient 
was generated, though it was not as great as in Tests 2 and 3.   For instance at the time the 
CO2 was turned off the highest to lowest concentration of CO2 in Test 4 was 7.4:1 (being 7.2% 
at point 1 and 0.97% at point 7). The equivalent numbers in Tests 2 and 3 were approximately 
13:1 and 21:1. However, the substantial difference in the peak ratios between Tests 2 and 3 
suggest that additional unrecognised factors may influence the mixing rate. This difference was 
also evident in the equilibration time between Tests 2 and 3, as was noted in Section 5.3 
above. Nevertheless, the profile of sample point 4 (set at 510 mm above floor level) in the case 
of Test 4 as compared to Tests 2 and 3 also indicate greater concentration uniformity being 
achieved in the case of Test 4. According to Ref 1, the release of a dense gas results in higher 
concentrations below the level of the leak. The observation concerning point 4 (though 
somewhat higher than the release height (510 vs 400 mm) appear to support this contention.        

 

 

 

 

Figure 4. CO2 concentration vs time for Test 4. Injection was from the low velocity injector at an elevation 
of 400 mm and ran for 426 minutes. As before the results from sample points 8, 9 and 10 have been 
omitted.  

 

3.5 Test 5 Conducted 19-5-12 
 

Test 5 differed from all other tests in that a high velocity injector was used. This injector was in 
fact a gas appliance injector with an orifice jet of 1.00 mm diameter. The gas pressure used in 
this test, approximately 100 kPa-gauge, is sufficiently great to ensure sonic flow at the orifice 
when discharging to atmospheric pressure. Given that the isentropic exponent (Cp/Cv) of CO2 
is 1.30 [7], its sonic velocity is calculated to be approximately 266 m/s at ambient temperature. 
This is far greater than the velocities that occurred in the other tests. Reference 8 gives the 
sonic velocity for CO2 as 259 m/s.  
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Because of the high pressure used it was not possible to incorporate the flow meter ahead of 
the injector and instead it was calibrated separately with the flow out of the injector (and hence 
at low pressure) being metered. Using this calibration it is estimated that the high velocity 
injector passed 0.80 scmh with a driving pressure of 100 kPa (as was used in the test). Using 
the simple formula that velocity equals mass divided by area, this gives a velocity of 283 m/s. 
The discrepancy with the calculated sonic velocity (266 m/s) is likely to be due to pressure 
effects at the throat of the injector.   

 

In Test 5 the CO2 was admitted from 12:53 to 14:23 on 19-5-12 from the high velocity injector 
at a height of 400 mm above the floor. This amounts to approximately 1.2 scm. From Figure 5 it 
is seen that, unlike the situation in all other tests, there was near perfect mixing from the start 
the CO2 injection. It is perhaps to be expected that good mixing would be achieved with an 
injector such as used in Test 5, as they are intended to facilitate in air entrainment in gas 
burners [9], although the supply pressure of the gas would normally be much lower than 100 
kPa and the exit velocities far below sonic. 

 

 

 

Figure 5. CO2 concentration vs time for Test 5. Injection was from the high velocity injector at an 
elevation of 400 mm and ran for 90 minutes. As before the results from sample points 8, 9 and 10 have 
been omitted.  

 

 

3.6 Test 6 Conducted 19/20-5-12 
 

Test 6 largely represented a return to Tests 1, 2, 3 and 4 in that the low velocity injector was 
used. However on this occasion the flow rate and consequently velocity were substantially 
higher (though still far lower than the sonic velocity of Test 5). In Test 6 CO2 was injected from 
15:50 to 17:35 on 19-5-12 and a total of 2.512 scm were injected. The rate was therefore 1.435 
scmh and the velocity some 24 m/s. Meter rotation timings during the injection period confirmed 
that as steady injection rate was maintained.  
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As noted in Section 2.3 sample point 8 was moved from 50 mm above the floor to about 10 mm 
below the ceiling in this test. The reason for this was that in some earlier tests there appeared 
to be a slight concentration gradient reversal at high level. This tendency did appear to be 
confirmed with the abovementioned sampling point change while the CO2 injection was in 
progress, but ceased thereafter. As may be seen in Figure 6, this effect, that may have resulted 
from the aerodynamics of the injection process, was small compared to the dominant 
concentration gradient from floor (high) to ceiling (low).    

 

The injector was set at a height of 400 mm above the floor level. The room was left unopened 
until 09:00 on the 20-5-12 and readings of the CO2 concentration were taken at various 
intervals. The CO2 concentration had essentially equilibrated by 23:30 on the 19-5-12. As 
before, these results allowed an approximate calculation of the inherent air exchange rate, 
which on this instance was 0.22 ACH and very therefore very similar to the results of Tests 2 
and 3 (0.23 and 0.20 ACH respectively). As noted elsewhere the weather was very calm 
throughout this work and this may have contributed to the low air exchange rate and good 
reproducibility.  

 

The results of this test are given in Figure 6 and it is seen that, as with the previous test where 
the low velocity injector was used, a strong concentration gradient was established. However, 
the aspect noted in Section 5.4 concerning point 4 (intake situated 510 mm above floor level) is 
even more relevant here. This again supports the view expressed in Ref 1 that dense gases 
tend to accumulate below the level of the leak. Likewise the allowable leakage into a given 
space is a function of the release height in the equations developed in the Purdue work [4].  
Figure 6 suggests a closer approach to concentration uniformity is achieved at with higher jet 
velocity (24 m/s in Test 6 vs  4.7 m/s in Test 4), although in all these cases the concentration 
was far from uniform at the time of cessation of CO2 flow.  
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Figure 6. CO2 concentration vs time for Test 6. Injection was from the low velocity injector at an elevation 
of 400 mm and ran for 105 minutes. As before the results from sample points 9 and 10 have been 
omitted. 
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4. Conclusion  
 

Tests were carried out in a well-sealed room where CO2 was injected at two elevation levels 
above the floor (50 and 400 mm) and from a low and high velocity injector. From this work the 
following conclusion are derived:- 

 

4.1 CO2 released from an injector at up to 24 m/s and a height of up to 400 mm above floor 
level was shown to develop strong concentration gradients, with the highest concentration 
close to floor level. 

 

4.2 Following 4.1, while strong concentration gradients developed in all cases with the low 
velocity injector, the tendency was for greater mixing when the injector was set at a higher 
elevation above the floor level and the exit velocity was higher.  

 

4.3 After the CO2 injection was stopped, the concentration gradients equilibrated on standing. 
In some cases this took several hours in the well-sealed room 

 

4.4 CO2 released from an injector at sonic velocity (also at low level) mixed instantly and 
almost completely.    

 

4.5 The test room was well sealed with an air exchange rate of approximately 0.2 ACH. This 
compares with 0.3 ACH found for the same room (also with adventitious ventilation 
openings and vents taped over)  in a test series on unflued gas space heaters conducted in 
1999 [10]. The residual heat from the heater tests may have contributed to the somewhat 
higher ventilation rate in the 1999 tests. Furthermore, the weather remained almost 
completely calm throughout the present work and this may have contributed to the low air 
exchange rate.   

 

 

5. Recommendations 
 

Due to time and other constraints it was not possible to investigate the effects of the variables 
fully. Consideration should be given to further examining the effect of release height in 
combination with exit velocity. Also, the effect of jet angle and impingement on nearby objects 
should be investigated. 
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