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Abstract

Under Title VI of the Clean Air Act, the EPA American Innovation and Manufacturing (AIM) Act, and UL 60335-2-40
(4th Edition), comfort cooling split systems manufactured for the North American market must meet Global Warming
Potential (GWP) thresholds below 700. This mandate has accelerated the displacement of legacy R-410A (GWP
2,088) by two leading ASHRAE 34 Class A2L mildly flammable alternatives: R-454B (Opteon XL41, GWP 465) and
pure R-32 (Difluoromethane, GWP 675).

While both refrigerants share Lower Flammability Limit (LFL) profiles around 0.30 kg/m? their divergent
thermodynamic properties create distinct field servicing protocols. This monograph articulates the mathematical
formulations and field safety protocols governing: 1. Recovery cylinder fill limits under DOT 4BA/4BW regulations
and AHRI Guideline K, accounting for liquid density deratings at 130°F (54.4°C) and mandatory 400 psig pressure
relief valve ratings. 2. Zeotropic temperature glide mechanics, proving that R-454B's 1.5 K (2.7°F) glide
necessitates liquid-phase charging and explicit separation of suction dew point from liquid bubble point to avoid up to
15% subcooling charging error. 3. Deep vacuum dehydration decay criteria, distinguishing residual POE oil
moisture boiling from active hermetic leaks. 4. Tooling compliance, establishing non-incendive Class I, Division 2 /
Zone 2 standards under UL 121201 and CGA-164/166 reverse-thread fitting requirements.

1. Introduction & Thermodynamic Transition Context

The transition from non-flammable ASHRAE Class A1 hydrofluorocarbons (HFCs) to Class A2L hydrofluoroolefins
(HFOs) and lower-GWP HFCs represents the most significant shift in stationary air conditioning servicing in three

decades.
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ASHRAE 34 / ISO 817 SAFETY MATRIX
I
Class Al: No Flame Propagation| R-410A (GWP 2,088) | R-22 (Legacy HCFC) |
Class A2L: Lower Flammability | R-454B (GWP 465) | R-32 (GWP 675) |

Class A3: Higher Flammability | R-29@ Propane | R-600a Isobutane |
I |

R-454B is a zeotropic blend consisting of 68.9% R-32 and 31.1% R-1234yf by mass, whereas R-32 is a single-
component pure substance. This fundamental molecular distinction directly dictates charging phase, saturation curve
referencing, and recovery cylinder ullage safety margins.

2. Recovery Cylinder Fill Limits & Hydrostatic Overfill Protection

Title 49 CFR Part 173 and AHRI Guideline K mandate that recovery vessels must never exceed 80% liquid

volumetric capacity at 130°F (54.4°C) to prevent hydrostatic rupture caused by liquid thermal expansion.

2.1 The Maximum Allowable Net Weight Equation

The maximum permissible refrigerant mass $W_ {\text{max}}$ in pounds is calculated as:
$SW_{\text{max}} = 0.80 \times \text{ WC} \times \text{SG} {130"\circ\text{F}}$$

Where: *  S$\text{WC}$ is the stamped water capacity of the recovery cylinder in pounds. *
S\text{SG} {130M\circ\text{F}}$ is the specific gravity of the liquid refrigerant at 130°F (relative to water at 39.2°F /
1.000 g/cm?). * $0.808$ is the statutory 80% maximum liquid fill safety factor.

2.2 Maximum Gross Weight Accounting

Field technicians must determine tare weight $W_ {\text{tare} }$ stamped on the cylinder collar and compute total
gross scale cutoft:

$SW_ {\text{gross, max}} =W _{\text{tare}} + W_{\text{max}}$$

2.3 Cylinder Pressure Rating Mandates (DOT-4BA400)

Legacy recovery cylinders rated DOT-4BA350 (service pressure 350 psig, relief valve 350 psig) are strictly non-
compliant for A2L service. Under direct solar radiation (130°F), saturation vapor pressures reach: * R-454B
Saturation Pressure at 130°F: 461.2 psia (446.5 psig) * R-32 Saturation Pressure at 130°F: 505.4 psia (490.7 psig)
* R-410A Saturation Pressure at 130°F: 489.1 psia (474.4 psig)

Consequently, recovery cylinders dedicated to R-454B and R-32 must be certified DOT-4BA400 or DOT-4BW400
with pressure relief valves calibrated to 400—-450 psig, fitted with left-handed reverse threads (CGA 164 or CGA 166),
and labeled with a painted red collar band per AHRI Guideline K.



DOT-4BA RECOVERY CYLINDER CAPACITIES AT 130°F (54.4°C) |

I
|
I
| Cylinder WC
|
|
[

I I

| Tare (1b) | R-454B Max Net| R-32 Max Net | R-410A Max Net |

| | (sG = 0.88) | (5G = 8.83) | (SG = 0.90) |

| | | | |

| | | | 1
| 30 1b WC | 16.5 1b | 21.1 1b | 19.9 1b | 21.6 1b |
| 50 1b WC | 27.5 1b | 35.2 1b | 33.2 1b | 36.0 1b |
| 100 1b WC | 51.0 1b | 70.4 1b | 66.4 1b | 72.0 1b |

| | |

3. Zeotropic Temperature Glide & Charging Protocols

3.1 Phase Equilibrium & Glide Mechanics

Because R-454B is a blend of refrigerants with different boiling points ($T_b(\text{R-32}) = -51.7"\circ\text{C}$,
$T b(\text{R-1234yf}) = -29.4"circ\text{C}$), it exhibits a temperature glide across evaporating and condensing

coils:
$$\Delta T {\text{glide}} =T {\text{dew}}(P)-T _ {\text{bubble}}(P)\approx 1.5\text{ K } (2.7"\circ\text{F})$$

In contrast, pure R-32 is a single chemical compound ($CH_2F 2$) exhibiting identical bubble and dew point
temperatures ($\Delta T {\text{glide}} = 0.0"\circ\text{F}$).

3.2 Operating Superheat Reference (Dew Point)

Suction line superheat measures the sensible heat gained by vapor leaving the evaporator after the last liquid droplet

evaporates. For zeotropic R-454B, superheat MUST be referenced to the Dew Point pressure:
$$\text{SH} =T _{\text{suction, line}} - T {\text{dew}}(P_{\text{suction}})$$

3.3 Operating Subcooling Reference (Bubble Point)

Liquid line subcooling measures the sensible cooling of 100% condensed liquid leaving the condenser coil prior to the

expansion device. Subcooling MUST be referenced to the Bubble Point pressure:

$S\text{SC} = T_{\text{bubble! }(P_{\text{liquid}})- T {\text{liquid, line}}$$

ZEOTROPIC GLIDE TEMPERATURE PROFILE

Evaporator (Refrigerant Boiling):
Inlet (T_bubble) — Latent Boiling (Temp Rises) — Outlet (T_dew) |

Condenser (Refrigerant Condensing):



| Inlet Vapor (T_dew) — Latent Condensation — Outlet Liquid (T_bubble) |
L |

3.4 Operational Error Incurred by Single-Point Saturation Curves

If a service technician utilizes an averaged midpoint saturation curve or mistakenly applies dew point to measure
subcooling on R-454B:

$$\Delta T {\text{error}} \approx \frac{\Delta T {\text{glide}}}{2} = 1.35MNcirc\text{F}$$

This error causes the technician to overcharge or undercharge the system by 8% to 15%, inducing high condensing

heads, elevated compressor discharge temperatures, and premature TXV hunting.

4. Deep Vacuum Dehydration & Decay Diagnostics

Both R-454B and R-32 compressor circuits employ synthetic Polyolester (POE) lubricating oils (ISO VG 32 or 68).
POE lubricants are highly hygroscopic, absorbing ambient atmospheric moisture at rates 10 times greater than legacy
mineral oils.

4.1 Evacuation Threshold

Field evacuation must pull the system below 500 microns (0.50 Torr / 66.7 Pa) using a two-stage vacuum pump with
gas ballast valve.

4.2 The 10-Minute Vacuum Decay Hold Test

Once 500 microns is achieved, the vacuum pump is isolated, and pressure rise is monitored over a 10-minute hold:

T
Vacuum Rise Behavior (10 min)| Diagnostic Interpretation

|
I

1
Required Action]|

Holds < 500 microns | Hermetic dry system verified | Ready to charge|
Rises to 500-1000 and levels | Moisture boiling in POE oil OFN sweep & vac|
Continuous rise > 1008 Torr | Active mechanical leak Pressure test |

1 |

Oxygen-Free Nitrogen (OFN) must always be used as the purge and sweep medium. Air or oxygen must never be

used for pressure testing, as mixing oxygen with flammable A2L vapors under compression risks auto-ignition.

5. Tooling Compliance & Ignition Safety (UL 121201)

Technicians handling A2L refrigerants must verify that all electrical service instruments are non-incendive and
certified to UL 121201 / CSA C22.2 No. 213 (Class I, Division 2 / Zone 2):



1. Recovery Machines: Brushless DC motor or sealed relay construction with zero open electrical contacts and
directional exhaust. 2. Vacuum Pumps: Sealed, non-sparking on/off switches and ignition-proof internal wiring. 3.
Electronic Leak Detectors: Heated diode or infrared sensors certified to ASHRAE Standard 173 and UL 60335-2-40
Annex LL, capable of detecting A2L leaks $\le 3\text{ g/year}$. 4. Manifold Gauges & Hoses: High-pressure rated
($\ge 800\text{ psig}$ working, $4,000\text{ psig}$ burst) fitted with left-hand reverse thread fittings: * R-454B:
CGA 164 (1/4" LH Flare) * R-32: CGA 166 (1/2" 16 LH ACME)
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