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Highlights

= Theoretical and experimental characterisation of the dilution process of leaks in indoor unit airflow.
* Formulae to determine minimum indoor unit airflow to dilute leaks to below LFL.

= Measurements to examine dilution of stratified layer of refrigerant-air mixture in room.

= Methodology developed to determine response time and leak rate for initiating airflow.

Abstract

Whilst R290 is currently used to a limited extent in room air conditioners there is a desire for wider
application due to its excellent performance and negligible global warming potential. The product standard
IEC 60335-2-40 specifies requirements to limit the allowable refrigerant charge in such a way that it
obstructs the wider use of R290. Airflow of an indoor unit can be used to dilute a refrigerant leak, enabling
substantially greater charge quantities to be used. A numerical model based on entrainment theory was
developed and supported by analysing the behaviour of experimentally simulated releases under various
conditions with indoor unit airflow. The work determines the minimum airflow rate necessary to prevent
formation of a flammable concentration within the room. Further, the work includes determination of
appropriate response time and leak rate to initiate airflow once a leak has begun. The developed

methodology can equally be applied to commercial refrigeration units and other flammable refrigerants.
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Nomenclature

Abbreviations

AC air conditioner

CFD computational fluid dynamics
CRU commercial refrigeration unit
HC hydrocarbon refrigerants
IDU indoor unit

1 An extension of Colbourne and Suen (2018a).



IEC International Electrotechnical Commission

IPA Initiation period for airflow

LFL lower flammability limit

MSLR Maximum safe leak rate

NE negligible extent (zone of)

RACS room air conditioning system

Symbols

aq, a, constants [-]

A, area of jet discharge opening [m?]

A room floor area [m?]

Ar, Archimedes number based on discharge conditions [-]
b a constant [-]

C refrigerant concentration [kg m=]

Cr floor concentration [kg m]

Crmax maximum floor concentration at beginning of the release [kg m=]

Cr maxit maximum floor concentration at cessation of the release [kg m=]

Co refrigerant concentration at discharge [kg m]

Court average concentration of the surrounding air at cessation of the release [kg m=]
C(x) concentration at distance (x) along a jet [kg m=3]

f(H combination of volume, momentum, energy and buoyancy flux integrals [-]

F concentration limit applied to the LFL [-]

g gravitational constant [= 9.81 m s?]

g reduced gravity [m s?]

h, height of mixture layer [m]

hq height of centre of air discharge [m]

h, height of base of unit [m]

hym room height [m]

LFL,, lower flammability limit by mass [kg m=]

Mycr allowable charge limit of refrigerant [kg]

Mieak mass flow of refrigerant release [kg s*] or [g min]

MpsLR mass flow of maximum safe leak rate [kg s]

m, mass of refrigerant released [kg]

Msuct.t mass flow of refrigerant into the IDU suction at cessation of the release [kg s?]
Myr,t entrained mass flow of refrigerant from room/surroundings at cessation of the release [kg s™]
P perimeter around the flow field [m]

Q nominal cooling capacity [kW]



R coefficient for heterogeneity of discharged refrigerant-air [-]

t time of release cessation from start of release [s]

tap time for mixture plume to descend from IDU to floor [s]

tipy time for release to emerge from the IDU, when considering IPA and MSLR [s]
tipa time for IPA [s]

tys time for mixture to propagate across floor until forming a volume of negligible extent [s]
Ups average front propagation speed [m s?]

U, centreline velocity along x direction [m s?]

U, air velocity at discharge [m s!]

1% volume airflow rate [m® s!]

Vo min minimum discharge airflow rate [m?3 s?]

v, discharge airflow rate [m®s?]

/A entrained airflow rate [m?® s?]

VnE volume of mixture corresponding to negligible extent [m*]

Vim room volume [m?]

X distance along the jet [m]

Xr air throw, distance travelled until jet termination [m]

Greek symbols

a entrainment coefficient [-]

Pa air density [kg m?]

Pm density of the refrigerant-air mixture [kg m]

) an experimentally determined constant for MSLR [s]
1) adjustment factor [-]

Y adaption coefficient [-]

1 Introduction

Hydrocarbon refrigerants (HC), such as R290, have excellent performance and negligible global warming
potential. Within the context of the Kigali Amendment of the Montreal Protocol and national legislation
there is a desire for their wider application. Thus, larger quantities of HC are needed for room air
conditioning systems (RACS) than safety standards, such as IEC 60335-2-40 (2017), currently permit
(Colbourne et al., 2020). A refrigerant leak from a RACS indoor unit (IDU), a substantial volume of
refrigerant-air mixture should not build up which could potentially lead to fire or explosion. One measure to
mitigate this is to use forced airflow from the IDU to disperse leaked refrigerant. IDUs normally have a set
airflow rate as defined by the manufacturer to provide a given capacity, air throw, etc. and users may select
from several incremental fan speed settings. It is desirable to identify whether the lowest airflow setting is

adequate to dilute a leak or a higher airflow rate is needed, depending on whether the unit fan is already in



operation or is to be initiated by a detection system. The same approach can also be applied to commercial

refrigeration units (CRU).

A formula is provided within IEC 60079-10-1 (2021) that can be transposed to calculate rate of extract
ventilation (Colbourne and Suen, 2018a) intended to prevent formation of a flammable mixture. However, it
assumes continuous release and replenishment of the room with fresh air; this does not represent RACS or
CRU in a closed room. IEC 60335-2-40, clause GG.2.3.1, defines minimum airflow and discharge velocity
for “A2L” refrigerants but it is primarily aimed at upwardly directed airflow (i.e., floor units) and does not

deem the entire room volume available for mixing.

There are various studies where airflow is used to disperse leaks.

Jia et al. (2015) presented room concentration measurements for R32 and showed that the release was well
mixed whilst the unit fan was operating. Jin et al. (2017) looked specifically at room ventilation on mixing of
R32 leaks. Two cases were examined, one with outside air entering at the ceiling and exiting at the floor and
another flowing in the opposite direction. Downward airflow (floor extraction) produced lower and more

evenly mixed concentrations than with upwards (ceiling extraction) airflow.

Combining experiment and computational fluid dynamics (CFD) analysis of airflow dispersion, Hu et al.
(2018) found that when airspeed at floor level was > 0.2 m s, it guaranteed avoidance of LFL at floor level.
Air discharge angles were found to affect mixing, but as airflow rate increased the effect of discharge

direction became indistinguishable.

Using CFD, Ram Prakash et al. (2021) examined the effect of room furniture, according to their size and
distribution, on dispersion of R290 with IDU airflow. Across various scenarios, maximum concentration was
found to increase by no more than about 0.002 kg m= (5% of LFL) relative to an empty room, demonstrating

that peak concentrations are hardly affected even with highly congested rooms.

Whilst informative, the studies do not offer systematic methodologies to determine adequate airflow rate to

minimise the possibility that flammable mixtures occur.

Unit airflow can be an effective means of mixing leaked refrigerant to avoid flammable concentrations and
can enable greater charge quantities to be safely used in a room. A generalised approach is needed to
determine minimum airflow rate, taking into account of the construction and installation characteristics of
the equipment, as well as simplicity to apply. Thus, applicable principles for airflow mixing were adopted
and applied to IDU and CRU characteristics. This led to the development of a general formula, which was
examined experimentally and adjusted to account for empirical findings. Note it is specious to argue that

zero risk is achievable (e.g., Colbourne and Suen, 2004), thus any approach cannot absolutely guarantee



against a flammable mixture forming, but to significantly reduce its chances of forming at potential ignition
sources. Furthermore, it is impractical to employ excessively high airflow rates to account for the extremely

low probability “worst case” scenarios.

Since a leak could occur when a fan is not operating, an approach is described to identify the initiation period
for airflow (IPA), from the time at which a release begins to ensure already stratified mixture layers are
quickly diluted. Given the potentially high cost for detecting very small leaks that do not pose significant
flammability risk, a method is given to estimate the maximum safe leak rate (MSLR), being the threshold

below which any leak could be considered relatively harmless and thus of airflow would be unnecessary.

2 Concept Development

When an air jet (e.g., from an IDU or CRU discharge grille) is blown into a free space, it entrains air from
the surroundings so that its total volumetric airflow rate gradually increases (Figure 1). When the jet
comprises a stream of released refrigerant, concentration of refrigerant within the flow field should
correspondingly gradually decrease. A greater discharge volume flow rate will lead to a higher entrainment

rate and hence more dilution.

For HCs that are denser than air, the “throw” will eventually terminate on the room floor (or at the opposite
wall), depending upon whether the buoyancy or momentum effects of the jet dominate (Figure 1). The
concentration at the termination location corresponds to the maximum floor concentration, before it further
spreads and dilutes across the floor. If this maximum floor concentration is constrained to the lower
flammability limit (LFL), then the corresponding minimum airflow rate can be determined. Derivation of a
minimum airflow to prevent exceeding LFL on the floor, due to an assumed leak (expressed as release mass

flow) is presented. The concept is developed on the basis of an IDU but is also evaluated with CRUSs.

Jet discharge
comprising air and

refrigerant Impinging
on wall
_l --------
T Entrained air
=y
Impinging on

floor

Figure 1: Schematic representation of entrainment process and “throw” termination



The analysis requires a number of assumptions: negligible air exchange between the room and environment,
isothermal conditions, released refrigerant is predominantly vapour and denser than air, constant mass flow,
negligible transit time for an element of the discharged mixture travelling from IDU to floor, and air

discharge is horizontal.

2.1 Entrainment

Applying classical entrainment hypothesis (Morton et al., 1956; Turner, 1986), the rate of entrainment of
surrounding fluid across a jet or plume boundary is proportional to the average centreline velocity and

perimeter of the flow field (equation 1).

av(x) _ _
e Paii, @

where V (x) is volume flow rate, x is distance along the jet centreline, P is perimeter, a is entrainment
coefficient (typically assigned a value of around 0.1) and .. is centreline velocity along x direction.
Etheridge and Sandberg (1996) derive closed equations for volume flow rate of buoyant jets at some distance
from the jet exit. Their model for plane jets is adopted in this study (equation 2), as most IDUs have

discharge openings with a high aspect ratio.

V(x) = bV, \/? (2)

where the constant b = 25/4 and 4, is the jet discharge opening area.

At distance x from the discharge, flow rate V(x) is the sum of discharged airflow rate (V,) plus additional

airflow entrained. Therefore, total entrained airflow, XV, until distance x is equation (3).
2,0 = b [ =, ©
o

2.2 Throw termination

It is taken that the negatively buoyant jet impinges on the floor first before reaching the opposite wall. From
Etheridge and Sandberg, using constants for plane jet and setting identical boundaries for velocity and
concentration fields (e.g., Doll et al., 2017), distance travelled until termination (x — xy) is given as

equation (4).

3.754, %4
¥ = e Fisamgon) @
where Ar, is Archimedes number at the discharge, h, is centre height of jet discharge and f (1) isa
combination of volume, momentum, energy and buoyancy flux integrals determined analytically by
Etheridge and Sandberg, f (1) = 0.39. Archimedes number at the IDU discharge condition is equation (5).
! AO
Ar, =g 2 ®)



where u, (= Z—”) is the IDU discharge velocity and g’ is reduced gravity based on the mixture discharging

into uncontaminated room air (equation 6).

g =g (bmte) (6)

where g is gravity, p, is air density and p,,, is density of the refrigerant-air mixture and can be approximated
by o, = C, + p,. C, is the discharged airflow concentration (equation 7) and it is preliminarily assumed to

be mixed homogeneously.

Co = Mk ™

Substituting equations (5), (6) and (7) into (4), yields equation (8).
0.4
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2.3 Dilution process

When the release begins and the jet, with an initial concentration of C,, enters an uncontaminated space and
refrigerant continues to mix with air homogeneously within the trajecting and expanding jet, concentration at

distance (x) can be expressed by equation (9):

C(x) = % 9)

As the release continues, refrigerant from the terminated jet mixes with the room air so the entrained air
comprises an increasingly richer mixture, with average room air concentration peaking at cessation of the
release (at time, t, i.e., release duration). The total volume of air entrained into the jet during the release, or

the room air volume, whichever is smaller, is used to estimate average concentration of the surrounding air at
t (equation 10).

_ my
Csurt = @y, v -

where m,. is total mass of refrigerant released.

Numerically quantifying the term XVt across a wide range of typical conditions, including airflow rate,

release mass flow, room size, etc., showed that XV, t will always be larger than V,.,,, by up to a factor of five,

my

indicating the mean room concentration Cs,,., can be taken as

Vem

When the release begins, maximum floor concentration (Cy ,4,) COrresponds to the jet concentration at xr

(equation 11).



_ mleak
Cf,max - TXT) (11)

Conditions may be that the jet impinges on the opposite wall, before the floor. For such cases, Cr 14y IS
expected to be no higher than when the jet trajects directly to the floor, since wall impingement will lead to
further mixing before approaching the floor. Therefore, if the jet hits the wall first it is already covered by

equation (11).

At t, the air along the trajectory of the jet will in addition comprise refrigerant entrained from the

surroundings and drawn into the IDU suction. Thus, Cs pq, Will be equation (12).

_ mleak +msur,t+msuct,t
Cf,max,t - V (er) (12)

where g, is mass flow of refrigerant entrained from the surrounding air, equation (13).
msur,t = Esur,tEVe,t (13)

Msycr,e 1S Mass flow of refrigerant drawn into the IDU suction, equation (14).

Msycte = Csur,tVo (14)
Substituting equations (13) and (14) into (12), yields equation (15).

_ Mieak my

Cf,max,t - V(xr) + m (15)

Introducing equation (2) into (15) and setting x = x7 enables Cf 4y to be determined from IDU airflow

(equation 16).

PMyeqk my
Cr sy = 2hiegk 4 (16)
! ! RDV, ‘Zﬂ Vrm

where the two newly introduced parameters, R accounts for the discharged refrigerant-air heterogeneity and

@ is an empirical adjustment factor; both are explained later.

2.4 Minimum airflow

By setting Cf max,: = LFLy,, and rearranging equation (16) gives an explicit formula for minimum airflow

rate, equation (17).

V L= (Pmleak 17
omin Rb\/%(LFLm—Vr:—;) ( )
Usually, refrigerant charge for RACS and CRU is determined according to the room size into which the

equipment will be installed and the LFL, as equation (18) (Colbourne et al., 2020).



Mycp, = F X LFLy, X Ay X Ry (18)

where my; is the allowable charge limit, h,,, is the room height, assumed 2.2 mto 2.5 m and F is a non-

dimensional limit intended to prevent the entire room volume from approaching LFL.

F represents the allowable charge per unit volume of the room and should be selected by the
designer/manufacturer, depending upon how much refrigerant a system requires. Although it could be set as
high as 0.99, to account for “noise factors” such as internal congestion, values not exceeding 0.5 should be

used. Whilst a greater F represents a larger my;, it also corresponds to higher airflow.

Equation (8) is inserted into equation (17) and to eliminate room volume, equation (18) is substituted in,
whilst setting my ;. as the maximum mass of refrigerant released (m,) and assuming h,.,, to be 2.5 m. This

yields equation (19).

Vo,min -

1.35¢. /A1ty o (19)
RRY/P[LFLy(1-F)]5/8

3 Measurements

Measurements of refrigerant concentrations were conducted to observe IDU discharge characteristics and
provide data on lateral concentrations profiles within the room and additionally to refine the proposed
formulae. Details of the equipment and laboratory setup are given in Colbourne and Suen (2021). Accuracy
of electronic scales and mass flow meters used for releases are within £1% and gas sensors, which were re-

calibrated before and after each series of measurements, have an accuracy of +3%.

3.1 IDU discharge heterogeneity

An initial assumption used in deriving the formulae (and for IEC 60335-2-40) was that a release is
homogeneously mixed with the discharging airflow along the entire width of the IDU opening. Experiments
using “floor” and “wall” type IDUs, both having an opening width of 1 m, were carried out to examine the
validity of this assumption. R290 releases were made from different locations inside IDUs over a range of

mass flow and airflow rates.

With the floor IDU, R290 concentrations were measured at six equidistant positions along the centreline of
the air discharge, for a release at the right-hand return bends inside the IDU. Figure 2 indicates that

irrespective of the flow rates, refrigerant predominantly remains within about one-third of the discharged air.
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Figure 2: Measurements of R290 concentration at the discharge opening of a floor IDU for a release at the

right-hand return bends

Other release locations were trialled, as indicated in Figure 3. Positioning and orientation of releases (as

indicated by the arrows) were selected to create as much pre-mixing within the IDU as possible. Whilst some

release positions led to a wider distribution of refrigerant, full homogeneity was never achieved.

Concentration [kg m3x103]

=)
(=]

wn
o

Y
o

W
o

b
o

—_
(=]

Right hand
o Centre o g

of coil return bends

Iﬁ‘

SR e
Cenire Right corner
unitfan  base horiz

0.2 0.4 0.6 0.8 1.0
Distance along discharge opening [m]

Figure 3: Concentration along air discharge arising from different release positions with 0.19 m® s airflow

rate and 100 g min™ release mass flow rate

Further measurements were carried out on wall IDUs, but with closer sampling points (40 mm apart) along

the discharge opening, at five locations within the jet: 0° (horizontal), -23°, -45°, -67° and -90°(downward).

Figure 4 shows R290 concentrations for airflow rates of 0.13 m® s and 0.35 m® s with 30 g min! release

rate from the coil right-side return bends. A similar tendency to the floor IDU is seen, where most refrigerant

exits along one-third of the length. Similar patterns were also seen in 2.5 kW and 8 kW IDUs, with alternate

release locations and orientations near the return bends.
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Figure 4: Measurements of R290 concentration at wall IDU discharge with 30 g min™ release rate

Results for the floor and wall IDUs illustrate that changing airflow and release rate does not help homogenise
the exit concentration but it does affect discharged concentration. The majority of airflow is not directly
involved with dilution of the release and is far from homogeneous; two-thirds of discharged airflow may be
neglected in relation to characterising the discharge conditions. Whilst the data in Figure 3, for example,
show that refrigerant may be mixed in up to two-thirds of the discharged air, the most severe case (i.e.,

leading to highest Cr) needs to be adopted. Thus, to account for the discharged refrigerant-air heterogeneity,

R isto be set to % and accordingly, this leads to requiring larger Vo,min-

3.2 Spatial concentration profiles within the room
Measurements were made laterally across the room to establish the evolvement of the jet concentration

profile. Two sampling point arrangements (Colbourne and Suen, 2018a) were adopted.

(1) Sampling points spaced incrementally at 0.3 m apart along a single line on the floor from below the
release point to the opposite wall of the room, in order to determine the location of x;. Under various

discharge conditions, Figure 5 plots local Cr, along with arrows indicating x; (predicted from equation 8,
where R = % has been applied to the actual airflow rate), which can be compared against x; from the

measurements (solid data points). There is fairly good agreement, with no more 0.5 m discrepancy.
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Figure 5: Measurements of floor concentrations at cessation of the release (t) with release mass flow rates
discharge, discharge opening area and airflow rate, to compare the experimental (solid data-points) and

predicted (downward arrows) values of x;

(2) A matrix of three vertical planes, all aligned perpendicular to the front face of the IDU. The centre plane
is aligned with the mid-point of the IDU discharge opening, with the other two £0.6m on either side, with the
+0.6 m plane aligned on the release point side. Each plane consists of six sampling points, with 3 of them
positioned 1m apart at the same height as the discharge opening (i.e., 1.5 m from floor, denoted “hy” in
Figure 6) and another 3 sampling points directly below, at 0.15 m from floor (denoted “h.”"). Collectively,
the 18 sampling points would provide a good indication of both the vertical and lateral distribution of the

refrigerant within discharged air.

Results are shown for two airflow rates (0.35 m® stand 0.13 m3 s’%, Figure 6). Similar results are obtained for
-0.6m plane (for brevity data not presented). Concentrations close to the release (+0.6 m, hy) start at a high
value and then decrease towards the room concentration at the far end of the room. Crucially, concentrations
at h_ are found to be higher in the middle of the room (at 1.5 m), inferring a downward trajectory of the
refrigerant-rich part of the jet. Results for the lower airflow rate suggest a steeper trajectory on account of the
more pronounced decline in concentrations towards the far end of the room. By comparison, concentrations
along the centre plane of the room, both at hy and he are almost the same, representing the average room
concentration. Since there is no variation from 0.5 m to 2.5 m, it demonstrates that the refrigerant-rich part of
the jet at the +0.6 m plane is not spreading laterally across the discharged air. These observations support the
flow process depicted in Figure 1 and further confirms the extension of the one-third lateral distribution of

refrigerant along the throw of the air jet.

12
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Figure 6: Local concentrations in front of air discharge; 0.35 m* s, 120 g min* and 0.2 kg, and 0.13 m® s,
120 g mint and 0.2 kg

3.3 Application of formulations

Cr max from over 200 experiments, covering a wide range of conditions as listed in Table 1, were compared

against the Cy pqy,. predicted from equation (16) (where R = 1), Figure 7 (left), showing half of the data-

points are under-predicted.

Table 1: Range of variables across experiments

Variable

Range

Equipment types

RACS IDU (wall, floor, window, duct), CRU

Refrigerant

R290, R600a, CO;

Release mass

10g-2300¢g

Release mass flow @

3 g min'-660 g min*

Room area

10 m? — 45 m?

Room height

22m-35m

Average concentration (m,./V;.,,)

0.0004 kg m= —0.034 kg m

Maximum floor concentration (Cr ,qx)

0.0004 kg m=—0.201 kg m*3

Airflow rate

O0mést—052mést

Air discharge velocity

Oms!t—10.6ms?

Air discharge height <01m-255m
Release height 0.lm-25m
Air discharge direction -45° — +90°

Discharge opening area

0.01 m2-0.17 m?

3 Majority of leak holes lead to 17,4, < 15 g min™ and the largest < 150 g min' (Colbourne et al., 2021b) so

experimental 1,4, in this study were in excess of the likely leak size envelope.
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However, the practical purpose of the eventual formula is to determine minimum airflow aimed at avoiding
LFL at the floor. Therefore, in addition to setting R = é an adjustment factor (¢) is proposed to provide

confidence that calculated V,, ,,;, from equation (19) would be high enough that Cr max remains below LFL.

Setting ¢ = 1.3 in equation (16), over 90% of the data-points are shifted to the right of the line of equality

) in equation (16) has

m

(Figure 7, right), thus purposely “inflating” predicted Cr 4, The second term (V

m
high certainty that is easily quantifiable, so no adjustment is deemed necessary.

All of the data-points could be moved to the right of the line of equality by setting a higher ¢ = 2.3, however,
it would result in unnecessarily high airflow for the majority of RACHP equipment. Specifically, the cases
remaining to the left of the line of equality are either low positioned (< 1 m) IDUs with airflow discharged
downwards or CRUs with floor-mounted condensers discharging mixture across the floor. These cases may
warrant the higher ¢. Likewise, for some equipment configurations, a reduced ¢ could be applicable based

on manufacturers testing.

100 100
R=1,¢=1 oIDU (wall) gp=14-13
3’ ’

< IDU (floor)

S 80 = g0
gl 3 A 1DU (win/det)
260 260 CRU
B IDU (wall E
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: £ 20 A
S A CRU S ppy B
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0
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Cﬂmax calculated [kg m-3X103:| C[mca calculated ﬂ(g m3x1 OTl

Figure 7: Comparison of measured Cr ,,,q, and unadjusted proposed formulae (left) and adjusted proposed

formulae (right)

Further tests were carried out, at DMT/TUV Nord (a safety institute), with wall IDUs and R290
concentrations measured at 20 sampling positions throughout the room. Over 50 tests were conducted with
airflow rates set according to equation (19), in which both R and ¢ were applied. In addition to release mass
flow, IDU height, airflow discharge angle (horizontal and downwards at -45°) and release mass, discharge

opening area was also varied (100%, 66% and 33% of original area).

Figure 8 presents measured Cy 4, against IDU airflow rates, where many of the data-points are well below

LFL, indicating validity of the equation (19). Despite downwards airflow for some of the cases effectively

14



shortening xr, Cf mqy is still below LFL, which is likely due to turbulent impingement as the jet hits the
floor. The only arrangements leading to Cr ,,,q, exceeding LFL were IDUs positioned at 0.5 m, likely due to
the Coandi effect (Etheridge and Sandberg) drawing the jet closer to the floor. Accordingly the formula
could be adjusted to provide greater airflow for lower IDU positions. This was handled by introducing an
adaption coefficient of ¥ = 2, an index to h, in equation (19), essentially representing a modification to

Etheridge and Sandberg’s analytical trajectory of x; (equation 4).

Using ¥ > 1 compensates for air jets emanating at lower h, which are drawn closer to the floor by increasing
flow rate to enhance dilution. This increases Vo,min by approximately10%, which from analysis is deemed
sufficient to bring all the data points to below LFL. Whilst the lowest IDU air discharge height of 0.5 m was
used, only some RACS (e.g., packaged terminal AC,) may be installed so close to the floor. But air discharge
with such units is upwards and above the air inlet such that low horizontal airflow parallel to the floor does

not occur.

50 H Oh=0.5 m; 70 g min?! ; horiz (0°)
= = +h=1.5m; 70 g min"' ; horiz (0%)
S 40 X
L T @5{‘ ------ g LEL - Oh=1.5m; 70 min"! : down (-45°)
‘”T"_ O
= X < h=0.5 m; 70 g min"! ; down (-45°)
030 ale 8 &
= o E o ©h=0.5m; 210 g min"! ; horiz (0°)
o o+, o
2 10 O X X %h=15m; 210 g min" ; horiz (0°)
E O 8 <8 ®h=0.5m; 210 g min! ; down (-45)

210 g Dupward (55° to 90°) {eq 19)
S
< upward (55° or 90%) (IEC 60335-2-40)
0
0.00 0.05 0.10 0.15 0.20

Airflow rate [m3 57|
Figure 8: Measured C ,,,qx, Where filled markers are for floor IDU with upward discharge and airflow
using equation (19) or from IEC 60335-2-40

The overall revision of equation (19), including the application of heterogeneity term, R = % adjustment
factor, ¢ = 1.3 and adaption coefficient 1 = 2, yields equation (20).

. 3/4
5.4,Ag1 00

YA LF Ly (1-F)]5/8

Vo,min -

- (20)

Tests with floor IDUs were included in Figure 8 (filled markers). These involved using airflow rates from
equation (19) and also the minimum airflow calculated from IEC 60335-2-40 (clause GG.2.3.1; currently
limited to “A2L” refrigerants). Floor IDU air discharge was at 0.66 m height and blowing either vertically
upwards (90°) or at 55°, with released mass ranging from 0.25 kg to 0.85 kg at 70 g min to 200 g min* in a

44 m?* room. None of the cases resulted in Cs 4, €xceeding 70% of LFL, confirming that equation (19) can

be suitably applied to IDUs with upwards airflow and that clause GG.2.3.1 can also be applied to R290.
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Whilst equation (19) leads to unnecessarily high airflow, it allows the entire room volume to be considered
for the mixing of the release (as opposed to a fraction of it), thus enabling a larger my;; it offers a more

versatile approach.

Whilst the development and testing were based on R290, Colbourne and Suen (2018b) assessed the formulae
for use with other flammable refrigerants, including those with much higher densities. It was concluded that
the proposed formulae were applicable to all common flammable refrigerants.

4 Initiation of airflow

A leak could occur when fans are not in operation and some form of leak detection may be employed to
initiate the airflow to disperse the refrigerant. Two important factors need to be considered in relation to the
dispersion of stratified mixtures: (i) initiation period of airflow (IPA) from start of the leak and (ii) maximum
safe leak rate (MSLR) for sensors to respond to. To gain insight on these issues, further experiments were
conducted using floor and wall IDUs.

4.1 Initiation period of airflow

There is usually a delay in activating airflow once a leak establishes, during which a stratified layer may
form on the floor and it is thus necessary to assess how effectively I'/o,mm is able to disperse the mixture.
Sample results (Figure 9) show concentrations at various floor locations in front of the IDU, where initiating
the airflow respectively, 120 s and 80 s after commencing the R290 release decreases layer concentrations
from 1.5 x LFL to below LFL in < 15 seconds. Downward directed airflow is more effective than horizontal
(as reflected by relatively more even distribution), despite the release mass flow being higher. This suggests

that detection could also be used (if functionality permits) to favourably adjust discharge louver positions.

80 - 2m (lm left) —_— R0 - : 2m (1m left)
2 m (centre) 2m (centr‘e)
—©—2m (Im right) —©—2 m (Im right)

——3 m (centre)

—#—3 m (centre)
T —&—1 m (centre)

—5—1 m (centre) -

T e LFL

Concentration [kg m?x107]
I
=

0 50 100 150 200
Time [s] Time [s]

Figure 9: Effectiveness of airflow in mixing stratified layers. IDU at 1.0 m with airflow at 0.19 m®s™
directed downwards, mass flow of 150 g min™ (left) and IDU at 1.0 m with horizontal airflow at 0.19 m3 s*

and mass flow of 90 g min™ (right). Arrows indicate the time at which the IDU fan is initiated
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To determine the maximum delay permitted from start of the leak to initiating airflow, i.e., IPA, an approach
was developed based on the time taken to build up an “intolerable” mixture volume in absence of airflow.
This volume (Vyg) was taken to be 0.1 m® of mixture above 50% of LFL; referred as a “zone of negligible
extent (NE)” (IEC 60079-10-1). Initiated airflow ensures the formation of this intolerable mixture volume is
avoided.

IPA is taken as the sum of the three time elements: t;; being the duration between start of the release and
when refrigerant emerges from the IDU, ¢, for the plume to descend from the IDU to the floor and ¢, for
propagation across the floor until V5 is formed. t;p;; depends upon the IDU configuration and release
internal location but t;5;, = 3 s is representative of the equipment involved in the present work. tg,, is

dictated by IDU height and was found to be approximately 5 s per m.

For t,f, a series of measurements were made. Sensors were positioned-along the room floor centreline at 0.3
m increments to track the propagation of the R290 front. Figure 10 shows time taken for the front to travel
beyond the first sampling point, for two different IDUs under a range of release mass flow rates. Time taken
for the moving front (based on 0.019 kg m=, 50% of LFL) slows further from the release, indicating the
propagation speed is decreasing, and as expected higher mass flows result in greater speeds. For the same
mass flow rate, the front originating from wall IDU is about twice the speed of that from the floor IDU, due

to greater momentum generated by the plume descent. This difference diminishes with higher mass flows.

300 1 012gmin 0 m floor IDU 100 o32gmin 1 m wall IDU
© 14 g min'! o ©51 g min’!
2350 1 A4 g min-! 80 1 <64 gmin’! .
29 g min'! © - .
| ©29gmin A90 g min! o
200 -
— ©65 g min’! o — 60 -
% 150 < f o © X
E g8 E o o ¢
= o = 40 - o o A
100 - o o o g o ©
20
50 - 8 3 8 e 3 ) g A
s 8 8 8 2 8
O T T T 1 O T T T 1
0 1 2 3 4 0 1 2 3 4
Distance [m] Distance [m]

Figure 10: Mixture front travel time for different mass flow releases for 0.2 m floor IDU and 1.0 m wall

IDU, based on a front concentration of 0.019 kg m™

The average front propagation speed (i, ) against mass flow rate is presented in Figure 11. It is assumed

that the flow spreads in a semi-circular fashion, with a layer height, h; = 0.5 m for the wall IDU and h; = 0.2
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m for the floor IDU (from Colbourne and Suen, 2021). The time taken to reach Vg was estimated from

tpr = —VZVL_"W as also presented in Figure 11.
pf

Accordingly, t;p, can be calculated from equation (21),
tIPA - tpf + Sho + 3 (22)

1
aq Inmygqr+a,

where h,, is the unit base height and using a curve-fit, t,; = , a; =0.025and a, = 0.23.

Application of IPA is primarily associated with the design of the leak detection system. For instance,
practical testing would indicate whether modifications are needed to the type of sensor and/or its response
time, its positioning within the equipment and even the internal configuration of piping and channels within
the IDU. Such modifications should be carried out until testing demonstrates that from initiation of the
simulated leak to the fan delivering Vo,min the time is no more than t;p 4. In practice, t;p4 should be
independent of the room the unit is installed in because Vy will be reached before the mixture has spread to

the room walls.

0.10 1 Aspeed; 1.0 m wall - 60
speed; 0.2 m floor
= A time; 0.2 m floor L 50 =
; 008 7 4 time; 1.0 m wall s B
= e I o
= 40 Z
. 0.06 - w
3 g
2 F 30 R
= 0.04 - £
£ - 20 o
L
& 0.02 - L 1o E
o =
<
0.00 ‘ T ‘ 0

0 20 40 60 80 100
Release mass flow [g min™']

Figure 11: Average propagation speed of a 0.019 kg m™ mixture front along the floor and t,,

4.2 Maximum safe leak rate
Whilst a very slow refrigerant leak into a quiescent room will unlikely form a flammable mixture, a faster
leak may. Therefore, an approach is needed to identify MSLR so that when reaching this leak rate, the

detection system needs to activate V,, ;. Measurements under quiescent conditions show Cf max 1S broadly

related to release height (assumed equal to h,) and room area, so MSLR can be estimated by equation (23).
Mysir = VhoArm LFL (23)

where 9 is an experimentally determined constant that encompasses F and release duration.
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To determine 9, IDUs were positioned at four different heights (h, = 0.5m, 1.0 m, 1.5 m and 2.0 m) and
releases of R290 were made at incrementally greater mass flow rates, up to my,, from equation (18) and a F
of 0.5. Figure 12 presents Cy q, OVer a range of mass flow rates. When C¢ .4, = LFL (using interpolation of
best-fit curves), the corresponding mass flow rate was then applied to equation (23). For each h,, all 9 were
determined to be to within +3% of 0.00033 s

When testing response of a leak detection system, the simulated leak uses MSLR to ensure the airflow will

provide V, pmin Within IPA.

o oy =]
o o O

LFL

=

C o measured [kg m3x103]

30 Oh=05m

20 Oh=1.0m

Ah=15m

10 Oh=2.0m
0

0 20 40 60 80 100 120
Release mass flow [g min']

Figure 12: Variation of C¢ .4, Over a range of release mass flow rates and unit heights

5 Sample outputs and discussion
Using equation (20) with R290, minimum IDU airflow rates are estimated for RACS (Table 2), with a room
area ranging from 10 to 50 m? assuming 200 W m specific heat load and a release mass flow corresponding

to m,;, over 4 minutes or 60 g min'.

Having the IDU positioned at 1 m is observed to demand an additional 20% higher airflow compared to
those at 2 m. For F = 0.25, V,, ;i With 1,0, = My + 4 minutes, is generally smaller than the typical IDU
highest airflow setting but greater than lowest setting, suggesting that most products would be able to
disperse the leak. With F = 0.50, Vo,ml-n is nearly always greater than the highest airflow setting, suggesting
some products may need to have highest airflow settings increased. With ri;oq, = 60 g min, V,, i is

mostly below the lowest airflow setting, regardless of F.
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IPA is dependent upon IDU height and release mass flow but does not vary significantly, suggesting the use

of a single value could be appropriate. Values of MSLR are greater for larger room sizes and higher IDUs,

but independent of F, implying less sensitive detection systems could be employed for larger RACS.

Table 2: Example of calculated minimum and typical airflow rates

Typical V| Typical V| Vomin, | Voumin: MusLrs

Ar [0]| Q2 BOW] | F LT | b Il | ST low  [m® [high [ eq. (20) ¢| eq. (20) | (354 Th | 250 | 0. (23)

s7] s1] [m3s?] | [m®s] [g min]
10 2 0.25 1 0.21 0.042 0.083 0.044 0.049 26 25 8
20 4 0.25 1 0.42 0.083 0.167 0.104 0.069 22 25 15
30 6 0.25 1 0.63 0.125 0.250 0.173 0.085 20 25 23
40 8 0.25 1 0.84 0.167 0.333 0.248 0.098 19 25 30
50 10 0.25 1 1.05 0.208 0.417 0.328 0.109 18 25 38
10 2 0.25 2 0.21 0.042 0.083 0.037 0.041 31 30 15
20 4 0.25 2 0.42 0.083 0.167 0.088 0.059 27 30 30
30 6 0.25 2 0.63 0.125 0.250 0.146 0.072 25 30 45
40 8 0.25 2 0.84 0.167 0.333 0.209 0.082 24 30 60
50 10 0.25 2 1.05 0.208 0.417 0.276 0.092 23 30 75
10 2 0.5 1 0.42 0.042 0.083 0.095 0.063 22 25 8
20 4 0.5 1 0.84 0.083 0.167 0.226 0.089 19 25 15
30 6 0.5 1 1.25 0.125 0.250 0.376 0.109 18 25 23
40 8 0.5 1 1.67 0.167 0.333 0.538 0.126 17 25 30
50 10 0.5 1 2.09 0.208 0.417 0.712 0.141 17 25 38
10 2 0.5 2 0.42 0.042 0.083 0.080 0.053 27 30 15
20 4 0.5 2 0.84 0.083 0.167 0.191 0.075 24 30 30
30 6 0.5 2 1.25 0.125 0.250 0.316 0.091 23 30 45
40 8 0.5 2 1.67 0.167 0.333 0.453 0.106 22 30 60
50 10 0.5 2 2.09 0.208 0.417 0.599 0.118 22 30 75

a Based on 200 W m2 room floor area; ® A, = 0.015x Q, ¢ lowest V = 0.021x Q, highest VV = 0.042x Q (derived from product
catalogues), 9 111, = 1000xm./4 g mint, € w4, = 60 g mint

6 Final remarks

An extensive programme of experimental work was conducted to understand the processes involved in the

dilution of a refrigerant leak from IDUs when airflow is present. Data and observations acquired were used

to help derive semi-empirical formulae for estimating minimum airflow rates to greatly minimise the

possibility of reaching flammable concentrations within the room in the event of a leak; however, absolute

avoidance of potentially hazardous situations is not possible (Colbourne and Suen, 2004).

Application of the formulae was checked against experiments using wall and floor IDUs and CRUSs,

including for the case where initiation of airflow is delayed as a leak forms a stratified layer. Although the
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study used R290, accompanying work demonstrated the approach was equally applicable to all other
flammable refrigerants. Further, formulations were provided to estimate MSLR for when airflow is needed

and IPA for determining suitable response time for a detection system.

The proposed equations are practical and easy to use as judgements on certain variables are not needed, and
discharge velocity, refrigerant charge, air discharge height and choice of assumed leak mass flow rate are all
accounted for. IDU and CRU can easily be assessed to determine whether they provide sufficient airflow to
prevent formation of LFL on room floors. This formula represents a major improvement to the minimum

airflow requirements for equipment using flammable refrigerants specified within RACHP safety standards.
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