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Abstract

This project addresses the objectives of the Statement of Need number WPSON-17-02 for
“No/Low Global Warming Potential Alternatives to Ozone Depleting Refrigerants™ issued by the
Strategic Environmental Research and Development Program (SERDP), the U.S. Department of
Defense (DoD) environmental science and technology program, planned and executed in full
partnership with the U.S. Department of Energy and the U.S. Environmental Protection Agency. The
goal of this Statement of Need was to identify low global-warming-potential (GWP), non-
flammable refrigerants to replace HFC-134a (GWP = 1300) in military equipment.

This work is a follow-on to the SERDP limited-scope project WP-2740, carried out at NIST,
which used thermodynamic cycle simulation models alone to screen over 100 000 refrigerant
blends and identified over 20 candidate HFC-134a replacements. In the present study we
narrowed the pool of blend candidates down to three “best” blends, demonstrated their
performance through “drop-in” tests in a military environmental control unit (ECU) in
environmental chambers over a wide range of operating conditions. Through simulation the
laboratory-measured performance was extrapolated to that of ECUs equipped with a compressor
modified for each blend to provide the same system capacity while maintaining the isentropic
efficiency of the original HFC-134a compressor.

The project involved preliminary experimental and analytical tasks in support of the final project
task. These included measurements of thermodynamic and transport properties of the novel
fluids considered and an update of simulation methods for these properties, fundamental tests
exploring the flammability characteristics including calculation methods, fundamental
measurements and modeling of forced-convection heat transfer performance, and measurements
of cycle performance of candidate blends in a laboratory mini-breadboard heat pump apparatus
as the final qualification step of the “best” blends for full-scale testing in the ECU.

The project’s conclusion is that R-513A (GWP = 573) and a blend we call Tern-1 [R-
134a/1234yf/1234z¢(E) (49.2/33.9/16.97), GWP = 640] are good replacement blends for HFC-
134a offering a similar capacity and coefficient of performance at GWP reduction of 66 % and
51 %, respectively. These fluids do not present any significant application difficulties. If greater
reduction in GWP is desirable, R-515B (GWP = 344) can be considered but it requires further
challenging research and developmental work.

The GWP reduction also depends on the stringency of the military requirements for “non-
flammability”. At the time of execution of the project, military requirements for non-
flammability had not been established. For this reason, we used the ASTM E681 test method as
stipulated by ASHRAE Standard 34 for qualifying non-flammability. If military requirements for
‘non-flammability’ are more stringent than the E681 standard, a smaller reduction of GWP will
be possible with qualifying blends.

* Composition stated as mass fraction (%)



Executive Summary

Introduction

Concerns about the stratospheric ozone layer and climate change resulted in regional [1] and
global [2, 3] regulations that limit the production and consumption of fluorinated refrigerants,
which are the dominant fluids currently used in refrigeration and air-conditioning systems,
including military equipment. In the United States, the use of high-GWP hydrofluorocarbon
(HFC) refrigerants is regulated by the American Innovation and Manufacturing (AIM) Act [4],
which directed the U.S. Environmental Protection Agency to establish a phasedown program and
sector-based HFC restrictions to facilitate the transition to next-generation technologies.

The above concerns and regulations have spurred intensive global research for next generation
hydrofluoroolefin (HFO) low-GWP fluids. These research efforts showed that the availability of
low-GWP refrigerants varies between applications and is rather limited for medium- and high-
pressure systems. Notable applications where HFC-134a was already successfully replaced by
low-GWP refrigerants are mobile air conditioners (HFO-1234yf, mildly flammable) and
domestic refrigerators (isobutane, highly flammable); however, these fluids are not acceptable
for military systems due to their flammability. Prior screening studies [5] found that all single-
component refrigerants that could serve with good performance as a replacement for HFC-134a
are at least mildly flammable. For this reason, the search for non-flammable replacements for
HFC-134a in military systems is focused on refrigerant blends.

Objectives

This work addresses the objectives of the Statement of Need number WPSON-17-02 “No/Low
Global Warming Potential Alternatives to Ozone Depleting Refrigerants”, issued by the Strategic
Environmental Research and Development Program (SERDP), the U.S. Department of Defense
(DoD) environmental science and technology program, planned and executed in full partnership with
the U.S. Department of Energy and the U.S. Environmental Protection Agency. The goal of this
Statement of Need was to identify low global-warming-potential (GWP), non-flammable
refrigerants to replace HFC-134a (GWP = 1300) in military equipment. The selection criteria
also include coefficient of performance (COP), volumetric capacity (Qvor), and toxicity.

This work is a follow-on of the SERDP limited-scope project WP-2740, which screened over
100 000 refrigerant blends and identified over 20 promising HFC-134a replacements [6]. The
objective of this core project was to narrow the pool of blend candidates down to three “best”
fluids, experimentally verify their non-flammability, and demonstrate their performance through
tests in an HFC-134a military ECU in environmental chambers over a wide range of operating
conditions. In a post-experimental phase, this work also evaluated the performance potential of
the candidate blends through ECU simulations with the compressor and heat exchangers
optimized for each of the blends.

Technical Approach

The starting point of this core project was the outcome of the limited-scope project [6], which
identified over 20 candidate low-GWP blends following an exhaustive, simulation-based search
and evaluation of over 100 000 two- and three-component blends among a slate of 13 single-
component refrigerants, which were subsequently expanded to 14 refrigerants [7]. At the outset



of this project, we selected four blends as preliminary candidates, from which the final three
blends to be evaluated by test in the ECU were selected. The criteria for blend selection
consisted of the following parameters:

o Non-flammability

o Minimum GWP

o Maximum COP

o Volumetric capacity (Qvor) matching that of the baseline HFC-134a

o Market availability

The following four blends were selected:

o R-513A: [R-134a/1234yf (44/56")], GWP = 573. R-513A was identified in our limited-scope
study (blend # 2). A1 ASHRAE safety classification.

o R-450A: [R-134a/1234z¢(E) (42/587)], GWP = 547. R-450A was not specifically identified
in the limited-scope study; however, its make-up and performance are similar to those for
blend # 9 [(R-134a/1234ze(E) (60/407)]. A1 ASHRAE safety classification.

o Tern-1: [R-134a/1234yf/1234ze(E) (49.2/33.9/16.97)], GWP = 640. This blend was identified
in our limited-scope study (blend #4); it has not been classified by ASHRAE, but is expected
to be “A1” based on its toxicity and flammability.

o R-515B: [R-1234ze(E)/227¢ea (91.1/8.97)], GWP = 344. R-515B was not identified in the
limited-scope study; however, we subsequently applied our screening analyses to it and found
it to be promising. A1 ASHRAE safety classification. It has a significantly lower GWP than
those of other fluids.

The project involved preliminary experimental and analytical tasks prior to ECU testing in the
environmental chambers. These tasks included measurements of thermodynamic and transport
properties of the considered novel fluids and an update of simulation methods for their
properties, fundamental tests exploring the flammability characteristics including calculation
methods, fundamental measurements and modeling of forced-convection heat transfer
performance, and measurements of cycle performance of candidate blends in a laboratory mini-
breadboard heat pump apparatus as the final qualification step of the “best” blends for full-scale
testing in the ECU (Figure 1).

* Composition stated as mass fraction (%)
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Figure 1 (Exec. Summary). Project tasks

Results and Discussion

Task 1. Experimental Measurements of Blend Properties and Development of Mixture Equation

of State

We have carried out measurements on the thermophysical properties of refrigerant blends
comprising next generation hydrofluoroolefins, HFO-1234yf, HFO-1234ze(E), mixed with
traditional hydrofluorocarbons, HFC-134a, HFC-125, and HFC-227ea. These HFOs have very
low GWP values (order of 1) but are slightly flammable; they were mixed with the
nonflammable, but high-GWP, HFCs to obtain nonflammable blends with moderate values of
GWP. Accurate property data are the backbone of any project to identify and verify new
refrigerants; they are essential for cycle analysis, heat transfer analysis, and the analysis of
system tests. These data have allowed us to improve the refrigerant mixture models needed for
conducting tests in the MBHP, (Task 3), refrigerant two-phase heat-transfer tests (Task 4), and
ECU tests and detailed simulations (Task 7).

While the improved property models were important for these tasks, no major deficiencies were
identified in the models used in the limited-scope project; therefore, the selection of “best”
blends made in the limited-scope project remained valid. These data, along with literature data,
were used to develop a mixture model optimized for these HFO-containing blends; this
optimized model was then used in the detailed simulations of Task 7.

For three blends (at two compositions each) we have completed comprehensive measurements
comprising vapor-liquid equilibria (VLE), density (p, o, T, X), speed of sound, thermal
conductivity, and viscosity; these measurements covered a combined temperature range of 230 K
to 400 K, with pressures up to 50 MPa. For three additional blends (also at two compositions
each) we carried out VLE measurements. The measurements were selected to provide an optimal
data set for the purposes of fitting mixture property models. These models will be incorporated
into future versions of REFPROP [8] and, thus, be made available to the entire HVAC industry.



Task 2. Flammability Assessment

It is essential in military applications that any low-GWP replacement for HFC-134a be non-
flammable. This is challenging, however, since for molecules containing only hydrogen,
fluorine, and carbon, there is a trade-off between GWP and flammability. The common changes
to the molecules (adding hydrogen atoms or double bonds) to make them more reactive in the
troposphere and hence lower their atmospheric lifetime (which lowers GWP), also makes them
more flammable. Thus, one desires to make the molecules, or mixtures of compounds, have the
lowest GWP possible while still maintaining non-flammable behavior. A further challenge
arises, however, in that flammable behavior is not a distinct boundary, but depends upon the
environment to which the refrigerant is exposed.

The primary goal of the present refrigerant flammability work was to experimentally assess the
flammability of the promising blends considered for performance testing in the ECU in the
environmental chambers. In the preliminary work, an empirical model of flammability based on
the adiabatic flame temperature and the fluorine to hydrogen ratio of the reactants was used to
create a flammability index [9] and rank a list of candidate blends with regard to their
flammability. Only blends predicted to be non-flammable were considered for further study.
Nonetheless, it was essential these predictions be verified by a test.

All four selected candidate blends are non-flame propagating in the modified E681 test specified
in ASHRAE Standard 34. We also used a more stringent test, the Japanese high-pressure gas law
test (JHPGL), in which the explosion pressure in a 2 L combustion chamber with a fused
platinum wire ignition source is used, as a metric for flammability. Three of four candidate
blends, Tern-1, R-513A, R-450A, had similar pressure rise (0.0451, 0.0474, and 0.0262) MPa),
while one (R-515B) had a higher pressure rise (0.156 MPa). Tests with binary blends of HFC-
134a and HFO-1234yf with increasing fractions of HFC-134a showed that an HFC-134a mole
fraction of 0.30 was required to pass the E681 tests, and at this composition, the explosion
pressure in the JHPGL test was 0.127 MPa. Hence, it appears that R-515B is close to the edge of
passing the E681 test, while the other blends pass the test more easily.

A new parameter has been developed for characterizing the flammability. The overall reaction
rate is a fundamentally based parameter that can be used to correlate experimental flammability
results between test methods, or with full-scale test results. It is easily calculated for any
arbitrary mixtures of interest and can be used to predict their flammability. In the present work,
a detailed kinetic model has been developed and validated, and used to estimate the overall
chemical reaction rate of the candidate blends. Both the E681 flame propagating/non-
propagating boundary, as well as the JHPGL test explosion pressure were well correlated with
the calculated overall reaction rate for each blend. Moreover, the calculated overall reaction rate
predicts that for the candidate blends the effect of humidity in the air will be small for an
increase from 0 % to 50 % relative humidity (r.h.), but large for an increase from 50 % r.h. to
100 % r.h. (all r.h. evaluated at 23 °C). Thus, levels of humidity above 0.014 moles H.O/mole
air (50 % r.h. at 23 °C) may have large effects on the flammability of the blends and should be
considered in any full-scale tests to be used to specify the degree of non-flammability required in
military applications.



Task 3. Testing of Selected Blends in a Mini-Breadboard Heat Pump

The Mini-Breadboard Heat Pump (MBHP) was used to experimentally evaluate HFC-134a and
four candidate low-GWP blends: R-513A, R-450A, R-515B, and Tern-1. The purpose of these
tests was to: (1) validate the CYCLE_D-HX simulation model [10, 11] used in the limited-scope
project [6], and (2) qualify the three “best” blends for testing in a military ECU (Task 7).
Performance of each fluid was measured over a range of capacity including (1.3, 1.5, and 1.7)
kW, where 1.5 kW was the rating point. The varying capacity provided measurements to verify
the model’s prediction ability over a range of mass and heat flux. The test-to-test variation,
largely driven by compressor efficiency, yielded representative average COP and Qvor values
with (0.5 to 1.0) % confidence intervals. In total, 121 tests were conducted.

All experimental tests were then simulated using CYCLE_D-HX. For R-513A, R-450A, and R-
515B in the basic cycle (tests without the liquid-line/suction-line heat exchanger, LLSL-HX), the
model-predicted values were within the confidence intervals of the experimental results. For
Tern-1, the model overpredicted the experimental data by about 3 %. Importantly, the model
provided the same relative COP and Qvo ranking as the experimental data.

Task 4. Refrigerant Forced-Convection Heat-Transfer Testing

An experimental apparatus was used to establish and measure 432 convective-boiling heat-
transfer coefficients for R-515B, R-450A, R-513A, and HFC-134a in a micro-fin tube. The
measured heat-transfer coefficients were local.

The measured data were used to develop an improved correlation for the local Nusselt number
for the micro-fin tube. The new correlation predicted 82.8 % of the measured convective boiling
Nusselt numbers for R-515B, R-450A, R-513A, and HFC-134a to within + 20 %. The data taken
and the new correlation were tailored for use in Task 7 for simulations of the ECU system.

Task 5. Selection of Three Blends for Testing in Military ECU

We selected R-513A [R-134a/1234yf (44/56)"], Tern-1 [R-134a/1234yf/1234ze(E)
(49.2/33.9/16.9)"], and R-515B [R-1234ze(E)/227¢ea (91.1/8.9)"] for ECU testing in the NIST
environmental chambers. Each of these blends has the potential of being a fluid of choice
depending on the weights applied to the selection criteria (GWP, COP, Qvol, flammability
characteristics). The main merits of R-513A (GWP =573) and Tern-1 (GWP = 640) were their
performance. We selected R-515B (GWP = 344) to provide an assessment of performance of this
lower-GWP and lower-pressure blend should lower-GWP values be mandated in the future.

Task 6. Interim Report
The Interim Report summarized project’s results leading to tests of three blends in the ECU.

Task 7. Evaluation of Blend Performance in ECU

Military ECU Specifications and Test Facility

The tested system was a military HFC-134a air conditioner with a 19.9 kW (68000 Btu/h) rated
cooling capacity (Figure 2). It was comprised of a 3-phase powered scroll compressor, finned-
tube evaporator and blower, microchannel condenser and fan, and controls. The unit was
designed to run continuously at part load by modulating its capacity using a hot-gas bypass with

* Compositions stated as mass fraction (%)
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a tempering expansion valve and an evaporator pressure regulating (EPR) valve. This
arrangement of components and controls would have made it impossible to execute a test
program with different refrigerants. Therefore, for the purpose of this study, we disabled the hot-
gas bypass and fully opened the EPR valve to produce a basic vapor-compression cycle.

Figure 2 (Exec. Summary). ECU before installation (a). The condenser protective grid and
covers for evaporator and blower were removed on the unit’s left-side in picture (b).

The test facility consisted of two adjacent environmental chambers. The ECU was installed in
the outdoor chamber and supplied the conditioned air to the indoor chamber through the attached
ductwork. Figure 3 shows the nozzle chamber setup used to measure the volumetric flow rate of
air.

e

Figure 3 (Exec. Summary). Connecting ducts and nozzle chamber located in the indoor
environmental chamber

The primary measurement of ECU capacity was the air enthalpy method, and the refrigerant
enthalpy method served as the secondary measurement. All ductwork was thoroughly insulated
and leak-tested before testing began. For standard rating points, the air-side and refrigerant-side
measurements closed the energy balance within 6%.

vii



The test metrics included four test points prescribed by the indoor condition of 26.7 °C (80.0 °F)
drybulb and 15.8 °C (60.5 °F) dewpoint and four outdoor conditions: 27.8 °C (82 °F), 35.0 °C
(95.0 °F), 46.1 °C (115.0 °F), and 51.7 °C (125.0 °F). For each refrigerant, the ECU was charged
with refrigerant according to the procedure recommended by the manufacturer while operating at
26.7 °C (80.0 °F) indoor drybulb, 15.8 °C (60.5 °F) indoor dewpoint, and 35.0 °C (95.0 °F)
outdoor drybulb. In this process, the thermostatic expansion valve (TXV) and refrigerant charge
were adjusted to produce an evaporator exit superheat and condenser subcooling per
manufacturer’s instruction. We refer to these tests as “drop-in” tests.

Performance of Candidate Replacement Refrigerants

Figures 4 and 5 show absolute values of air-side capacity and COP, respectively, for HFC-134a,
R515B, Tern-1 and R-513A measured in environmental chambers during “drop-in” tests. The
error bars reflect measurement uncertainty at the 95 % confidence level. The figure shows that
there is no statistically significant difference in capacity of HFC-134a, Tern-1 and R-513A, and
no statistically significant difference in COP for all fluids. R-515B has a 17 % to 23 % lower
capacity than the other three fluids because it is a lower pressure fluid.

Figures 6 and 7 show differences in “drop in” capacity and COP for the tested blends with
respect to the values for HFC-134a. R-513A provides a somewhat higher capacity at all test
conditions. Its COP is below that of HFC-134a at 27.8 °C and 35.0 °C outdoor temperature;
however, its COP is better at the higher outdoor temperature even as it delivers a higher capacity.
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Figure 4 (Exec. Summary). ECU total capacity (air side) at outdoor temperatures 27.8 °C (82 °F),
35.0 °C (95 °F), 46.1 °C (115 °F), and 51.7 °C (125 °F) (center of bars)

viii
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Figure 5 (Exec. Summary). ECU COP at outdoor temperatures 27.8 °C (82 °F), 35.0 °C (95 °F),
46.1°C (115 °F), and 51.7 °C (125 °F) (center of bars)

Tern-1 performance appears to be similar to that of HFC-134a, both in terms of capacity and
COP. On the other hand, R-515B achieves lower capacity by as much as 23 %. In this “drop-in”
application with a much lower capacity, the COP of R-515B is comparable to that of HFC-134a.
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Figure 6 (Exec. Summary). Capacity difference for R-515B, Tern-1, and R-513A versus HFC-
1344, referenced to HFC-134a capacity, based on ECU tests at outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 51.7 °C
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Figure 7 (Exec. Summary). COP difference for R-515B, Tern-1, and R-513A versus HFC-134a,
referenced to HFC-134a COP, based on ECU “drop in” tests at outdoor temperatures
27.8°C, 35.0°C, 46.1 °C, and 51.7 °C

In addition to laboratory “drop-in” tests, the study used simulation models to extrapolate test
results to an evaluation scenario under which each fluid operated in an ECU with a compressor
that would provide the same capacity at the 35.0 °C temperature test with the isentropic
efficiency matching that of HFC-134a (Figure 8 and 9). The R-513A and Tern-1 blends still
provide the best performance compared to HFC-134a.
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Figure 8 (Exec. Summary). Capacity difference for R-515B, Tern-1, and R-513A versus HFC-
134a, referenced to HFC-134a capacity, for ECUs with capacity matching that of HFC-
134a at the 35.0 °C test condition; based on ACSIM simulations at outdoor
temperatures 27.8 °C, 35.0 °C, 46.1 °C, and 51.7 °C
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Figure 9 (Exec. Summary). COP difference for R-515B, Tern-1, and R-513A versus HFC-134a,
referenced to HFC-134a COP, for ECUs with capacity matching that of HFC-134a at
the 35.0 °C test condition; based on ACSIM simulations at outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 51.7 °C

Implications for Future Research and Benefits

This study developed new measurements and data on non-flammable, low-GWP candidate
replacements for HFC-134a, which included thermophysical properties, flammability
characteristics, two-phase heat transfer performance, and cycle performance. This information
will assist the HVAC industry in its transition to low-GWP systems.

For the studied ECU system, the R-513A and Tern-1 blends provide comparable capacity and
COP to that of HFC-134a and offer GWP reductions of 66 % and 51 %, respectively. They can
be implemented without major redesign of currently used components or other difficulties. If
greater reduction in GWP is desirable, R-515B (74 % GWP reduction) can be considered, but its
use requires further research and developmental work.

While the tested blends pass the ASTM EG681 test as stipulated by ASHRAE Standard 34 for
qualifying ‘non-flammability’ of refrigerants, some pass more easily than others, as determined
from the other tests and modeling. There is a trade-off between ‘non-flammability’ and GWP. If
military requirements for ‘non-flammability’ are more stringent than the E681 standard, the less
flammable of the three (Tern-1 and R-513A) might still pass a more stringent criterion while R-
515B would likely fail. If better flammability behavior than Tern-1 and R-513A is required, the
less flammable blends identified in the earlier phase of the project would need to be selected, and
then evaluated experimentally to verify their predicted performance and flammability. These
less flammable fluids would have a reduction of GWP of about 50 % as compared to R-134a.

A live-fire test program in conjunction with modeling should be carried out to establish a
representative test for assessing ‘non-flammability’ for the military environment. We
recommend HFC-134a to be tested at high ambient temperature and high humidity as a
benchmark. We suggest live-fire tests of HFC-134a with increasing amounts of added HFO-
1234yf to enable correlation to the small-scale experimental and numerical results.
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heating, ventilating, and air-conditioning
International Organization for Standardization
Japanese High-Pressure Gas Law Test

laminar burning velocity
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Nomenclature

Symbols
Ac cross-sectional area (m?)
Bna  local Bond number = (pi — pv)geDn/(c N), ()

Bo  local boiling number = q_ NO)
r'fg

Cp specific heat (J kg K1)
C coefficients given in Eq. (3.4.5)

1-x Vo p )
Co  convection number, || B
%4 P

De equivalent inner diameter of smooth tube (m)
Dn hydraulic diameter of micro-fin tube (m)
e fin height (mm)

g acceleration due to gravity (m/s?)

G total mass velocity (kg m?s™)

h2¢ local two-phase heat-transfer coefficient (W m2K1)
ifg latent heat of vaporization (J kg™)

k refrigerant thermal conductivity (W m*K?)

N total number of microfins in cross section (-)

Nu local Nusselt number based on Dy

m mass flow rate (kg s?)

My  molar mass (g mole™?)

p wetted perimeter (m)

P local fluid pressure (Pa)

Pc critical fluid pressure (Pa)

(P, p, T, X) pressure, density, temperature, composition

Pr liquid refrigerant Prandtl number = Se#| | (-)
k r,l

Qair  air-side capacity (W)

Qair  refrigerant-side capacity (W)

Quoi  Vvolumetric capacity (kJ m3)

q local heat flux based on tube inner surface area (W m)
GD
Re all liquid, refrigerant Reynolds number based on Dy, Re =— h
:ur,l
S distance between fins (mm)
T temperature (K)
to bottom thickness of fin (mm)
tw tube wall thickness (mm)
U expanded relative uncertainty (%)
Xq thermodynamic mass quality